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INTRODUCTION 

Coherent  structure  is  a  remarkable  feature  observed  in 
near-wall  turbulence  as  demonstrated  by  beautiful  pictures 
obtained  from  computer  graphics  of  a  highly  resolved  nu¬ 
merical  simulation  (Robinson  et  al.(1991).  Today,  it  is  well 
established  that  quasi-streamwise  vortices  which  have  their 
axis  nearly  in  the  flow  direction  play  a  key  role  there.  The 
behavior  of  individual  quasi-streamwise  vortex  such  as  its 
birth,  growth,  attenuation,  regeneration,  etc.  has  been  in¬ 
vestigated  extensively  (Smith  et  al.(1991),  Brooke  &:  Han- 
ratty  et  al.(  1993),  Bernard  et  al.(1993),  Miyake  et  ai.(1996, 
1997)).  However,  coherent  structure  is  not  uniquely  de¬ 
fined  but  is  defined  in  many  different  manners  depend¬ 
ing  on  point  of  view.  That  is,  in  addition  to  individual 
quasi-streamwise  vortices,  there  exist  coherent  structures 
of  different  kinds  which  should  attract  one’s  attention  as 
to  be  responsible  for  controlling  near-wall  turbulence.  The 
topic  mentioned  in  this  paper  is  concerned  with  clustering 
or  grouping  of  quasi-streamwise  vortices  which  is  a  novel 
concept  and  has  no  reports  thus  far. 

In  the  present  paper,  a  fact  that  quasi-streamwise  vor¬ 
tices  are  not  distributed  homogeneously  but  densely  pop¬ 
ulated  in  some  places  and  less  elsewhere,  in  a  layer  close 
to  the  wall  is  shown  at  first  by  referring  to  a  DNS  data  for 
a  channel  flow.  Then,  that  regeneration  property  of  quasi- 
streamwise  vortices  is  one  of  the  crucially  important  possi¬ 
ble  mechanisms  for  this  clustering  is  shown  by  a  simplified 
non-dynamical  simulation.  Next,  a  wavelet  decomposition 
of  quasi-streamwise  vortices  in  two  scale-based  groups  is 
shown.  The  interaction  between  vortices  of  two  groups  in¬ 
dicates  that  individual  quasi-streamwise  vortices  can  not 
survive  long  without  assistance  of  surrounding  large  scale 
structure  which  is  adapted  for  them.  Thus,  it  is  pointed 
out  that  large  scale  structure  around  a  cluster  of  vortices 
is  an  important  coherent  structure  to  be  investigated  more 
in  detail. 

CLUSTERING  OF  QUASI-STREAMWISE 
VORTICES 

A  direct  numerical  simulation  of  a  channel  flow  was 
carried  out  using  a  computational  volume  which  is  long 
enough  in  streamwise  direction  to  avoid  interference  of  inlet 


and  outlet  sections  possibly  caused  by  periodic  condition 
and  to  allow  us  to  observe  long  evolution  of  vortical  field. 
The  size  —  huT/v  in  wall  unit,  of  the  computational 
box  in  each  direction  is  fij  =  4608,  hy  =  300,  fij  =  576 
where  x,  y,  z  are  streamwise,  wall-normal  and  cross-stream 
direction,  respectively  and  uT  is  mean  wall  friction  ve¬ 
locity  and  u,  kinematic  viscosity.  The  Reynolds  number 
Rer  =  uThy/v  =  300.  The  grid  number  is  256x64x64  in 
x,  y,  z  direction,  respectively.  The  numerical  scheme  used 
in  the  code  is  described  in  Kajishima  et  af.(1997). 

Figs.l(a)(b)  show  an  evolution  of  distribution  of  quasi- 
streamwise  vortices  at  six  consecutive  time  instants.  That 
is,  each  long  strip  in  the  figure  is  a  plan  view  at  the 
time  instant  A<+  =  30  after  that  of  the  one  next  to  its 
left  and  shows  a  plan  view  of  quasi-streamwise  vortices  of 
\^>t  |  >  0.2,  included  in  the  bottom  half  computational. 
Conducting  smoothing  operation  to  Fig. 1(a)  by 


f 


f(x+$,y,z 


+  CK<*C 


(1) 


where  H  =  4Af  AC,  A£  =  50,  AC  =  20,  we  obtain  Fig. 1(b). 
The  shaded  area  in  Fig. 1(b)  is  |o>*  |  >  0.135.  Obviously,  the 
population  density  of  quasi-streamwise  vortices  is  not  ho¬ 
mogeneous  but  enhanced  islands  are  found  and  as  shown  by 
rectangulars  labeled  A,  B,  C,  some  are  growing  and  some 
others  are  decaying.  The  clusters  are  convected  down¬ 
stream,  changing  their  configuration  gradually.  Compared 
with  mean  lifetime  of  an  individual  vortex  which  is  known 
to  be  about  150  in  <+  =  tu2T/v,  clusters  live  longer. 

The  densely  populated  area  of  vortices  are  located  in 
the  layer  close  to  the  wall,  between  y+  —  10  ~  50  and 
does  not  modify  strongly  the  mean  flow  above  it.  For  ex¬ 
ample,  mean  velocity  distribution  normal  to  the  wall  in 
the  clustered  region  manifests  no  visible  difference  from 
that  in  non-clustered  one.  However,  fluctuation  of  flow  is 
enhanced  significantly  inside  cluster  region.  Conducting 
the  smoothing  by  eq.(l)  for  each  j/-plane  and  specifying 
threshold  value  of  |w^|  as  0.135  as  before,  one  obtain  three 
dimensional  volume  of  vortex  clusters.  Mean  values  of  tur¬ 
bulence  inside  these  volume  and  those  outside  are  as  follows 
:  u'r+m!  =  (2.07,1.49),  t»J+ #  =  (0.87, 0.58), to*  .  =  (1.19, 
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Fig.l  Evolution  of  distribution  of  quasi-streamwise  vor¬ 
tices.  Each  long  strip  is  a  plan  view  at  the  time  instant 
A t+  =  30  after  that  of  the  one  next  to  its  left,  (a)  : 
quasi-streamwise  vortices  of  |  >  0.2,  (b)  :  filtered  quasi- 
streamwise  vortices  of  |wj|  >  0.135  by  eq.  (1) 


Fig. 2  Similarity  of  distribution  of  fluctuating  pressure  on 
the  wall  and  quasi-streamwise  vortices,  filtered  by  eq.(l). 

(a)  :  Quasi-streamwise  vortices  of  lw^l  >  0.135(the  left-end 
strip  in  Figl(b)).  (b)  :  Fluctuating  pressure  |p'+|  >  1.4, 
both  at  the  instant  of  the  left-end  strip  of  Fig.l. 

0.71),  («V)+m.  =  (2.13,1.00),  P+rms  =  (0.45,0.14), 
ut,rms  —  (0.22,0.06)  where  the  first  numbers  in  the 
parenthesis  mean  inside  and  the  second  ones,  outside  and 
u',  v' ,  w'  are  x,  y ,  z-wise  fluctuating  velocity  component,  re¬ 
spectively,  and  Px,  production  rate  of  wx.  The  suffix  ( rms ) 
means  root  mean  square  value.  Obviously,  turbulence  ac¬ 
tivity  is  far  stronger  inside  clustered  region.  The  volume  of 
total  clustered  region  occupies  only  2%  of  the  whole  com¬ 
putational  volume,  but  22%  of  total  streamwise  vorticity 
is  included  inside.  High  fraction  rate  of  shear  stress  is  to 
be  noted  as  well. 

Corresponding  to  the  intensified  turbulence  inside  clus¬ 
ter,  pressure  on  the  wall  show  correlated  distribution  with 
vortex  cluster  as  in  Fig.2,  despite  that  pressure  is  strongly 
affected  by  far  field. 

FORMATION  OF  VORTEX  CLUSTERS 

In  order  to  find  out  a  substantial  property  concerning 
how  vortex  clusters  are  formed,  a  simulation  which  is  not 
based  on  dynamical  condition  but  on  probability  condition 
was  carried  out.  The  simulation  is  done  in  two-dimensional 
plane  of  the  same  rectangular  box  as  in  Fig.l,  under  the 
following  procedure  and  assumptions. 

1.  30  pieces  of  straight  line  vortices  are  supplied  to  the 
flow  field  every  A f+  =  20. 

2.  The  locations  of  the  supplied  vortices  are  determined 
randomly,  consulting  for  random  number  table. 
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Fig. 3  Cluster  formation  of  quasi-streamwise  vortices 
by  means  of  simple  probability  model  on  a  two- 
dimensional  plane,  (a)  :  Case  of  randomly  supplied 
vortices,  (b)  :  case  of  conditionally  supplied  vortices 
according  to  above-described  [5]. 

3.  The  vortices  are  convected  to  downstream  with  speed 
u+  =  15. 

4.  Each  vortex  has  lifetime  of  A <+  =  100  and  in  its  first 
half,  it  grows  linearly  and  attains  the  maximum  length 
l+  =  200  at  t+  =  50  from  its  supply  and  then  shrinks 
linearly,  in  the  latter  half. 

5.  The  supplied  vortices  are  allowed  only  in  a  certain 
distance  around  existing  vortices.  That  is,  influential 
area  of  each  vortex  which  is  As+  =  20  from  a  vor¬ 
tex  is  defined,  only  within  which  a  new  vortex  can  be 
supplied. 

Condition  [3]  mimics  the  DNS  data  that  vortices  are 
convected  with  the  speed  slightly  lower  than  local  mean 
velocity,  maintaining  its  configuration  long  time.  Since 
we  are  considering  quasi-streamwise  vortices  in  the  layer 
y+  =  10  ~  35,  most  probable  mean  convection  velocity  is 
Mc  =  15.  Condition  [4],  i.e.,  both  mean  lifetime  and  mean 
scale  of  quasi-streamwise  vortices  are  also  brought  from  the 
DNS  data. 

If  we  do  not  apply  the  last  condition,  that  is,  if  new 
vortex  is  allowed  to  be  born  at  any  place,  no  clusterization 


Fig.4  An  example  of  one  dimensional  wavelet  decompo¬ 
sition  of  wj,  in  a  plane  y+  =15  and  for  the  time  instant  of 
the  left-end  strip  of  Fig.l.  (a)  :  Streamwise  (level  =  -4), 
(b)  :  spanwise(level  =  -3). 


Fig. 5  Decomposition  of  w*  in  one  dimensional  spectrum, 
for  the  example  of  Fig.4. 


occurs  as  shown  in  Fig.3(a)  which  is  depicted  in  the  same 
manner  as  Fig.l.  But  with  the  last  condition,  Fig. 3(b)  is 
obtained.  The  left-end  strip  of  Figures  3(a)(b)  is  at  an 
arbitrary  time  instant  enough  long  time  after  the  start  of 
simulation  and  each  strip  is  for  A t+  =  20  after  the  one  next 
to  its  left.  Fig. 3(b)  is  quite  similar  to  Fig.l(a)  and  we  find 
that  clusters  grow  as  time  marches.  Since  the  last  condi¬ 
tion  mimics  the  fact  that  new  a  vortex  is  usually  born  un¬ 
der  the  influence  of  an  existing  vortex,  or  by  regeneration, 
the  result  indicates  strongly  that  regeneration  inherently 
generates  clusterized  structure  of  vortices.  If  the  last  con¬ 
dition  is  relaxed  slightly  to  allow  a  small  fraction  of  vortex, 
say  15%,  to  be  born  at  any  place  without  restriction, the 
result  of  the  simulation  becomes  much  closer  to  Fig. 1(a). 

Although  cluster  formation  may  have  other  mechanism, 
it  is  substantially  important  that  commonly  observed  prop¬ 
erties  of  behavior  of  quasi-streamwise  vortices  itemized 
above  can  reproduce  the  process  of  cluster  formation. 
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f(x)~  EE  <fipij)(23  x  —  k)dx 

3  k 

where  mother  wavelet  ip(x)  must  be  properly  specified  so  as 
to  satisfy  admissible  condition  or  f™  ip(x)dx  =  0,  which 
is  a  spline  wavelet  in  this  work.  Then,  a  function  f(x)  is 
expressed  as  linear  series  expansion  of  mother  wavelet  ip 
amplified  in  scale  by  1/2J  and  shifted  with  respect  to  x  by 


k/ 2J.  Putting 

9 Ax)  = 

E^/Wx-l) 

k 

(6) 

fAx)  = 

^<4jV(2js  -  k), 

k 

(7) 

above  fj(x),  are 

related  to  gj(x)  by  recurrent  form 

/>(*)  =  9j- 1(*)  +  fj- i(x).  (8) 

where  scale  function  <j>  employed  here  is  a  basic  spline 

m 

•W'l-idTjiEH)*  (I)  (») 

'  *=0 

with  m  =  4  and  is  related  to  ip  as  ip(x)  =  Pk<t>( 2x—k). 
Consequently,  the  original  function  fo(x)  can  be  decom¬ 
posed  into  large  scale  component  greater  than  j-th  level 
and  that  smaller  than  it  as 

fo(x)  =  g-!(x)  +  f-i(x) 

=  g-i(x)  +  g-2(x)  +  f-2(x)  (10) 


Fig. 6  Plan  view  of  decomposed  larger  and  smaller  scale 
quasi-streamwise  vortices,  (a)  Larger  scale  vortices  for  the 
level  j  =  4  in  x  and  j  =  3  in  z  direction,  obtained  by 
wavelet  transform.  |  >  0.07.  (b)  smaller  scale  vortices 
obtained  by  subtracting  larger  scale  components  of  Fig.6(a) 
from  total  vortical  field.  I w+|  >  0.2. 


DECOMPOSITION  OF  QUASI  -  STREAM- 
WISE  VORTICES 


Wavelet  Transform 

In  order  to  investigate  larger  scale  coherent  structures 
surrounding  clusters  and  their  role  in  cluster,  wavelet  de¬ 
composition  is  introduced. 

One  dimensional  wavelet  transformation  based  on 
mother  function  ip[(x  —  b)/a ]  of  a  quasi-random  function 
/(x)  which  includes  local  coherency  embedded  in  a  pure 
random  function  of  x  is  denoted  here  (W^,f)(a,b)  and  is 
defined  by 


{W*f){b,a)=  J  -i^(^-i)/(x)dx  (2) 

where  a,  b  are  constants  representing  scale  of  coherent 
length  and  x-wise  location.  The  inverse  transform  of  above 
one  is 


/(x)=  r{W,f)(b,a)-L=, 

J- oo  VH  v  a  '  “ 


(3) 


A  possible  discretized  transform  and  inverse  one  corre¬ 
sponding  to  above  definition  are  written  as 


4J)  =  (P^/)(M  =  (HV)  (A  1) 


-L 


f(x){2^2ip(2}x  —  k)}dx 


(4) 


One  dimensional  x-wise  decomposition  of  a field  of  a  shot 
of  the  instant  of  the  left-end  strip  of  Fig.  1(a)  is  shown  in 
Fig. 4(a)  where  the  signal  is  that  along  constant  z  in  a  plane 
y+  =  15  and  the  level  is  j  =  4.  Quickly  fluctuating  line 
is  original  signal  representing  wj  and  slowly  fluctuating 
one  corresponds  to  extracted  large  scale  fluctuation.  The 
latter  one  has  peaks  with  period  Aj  ~  600  each  of  which 
is  located  at  near  the  center  of  a  cluster  of  vortices.  The 
separation  of  these  larger  and  smaller  scale  fluctuations  in 
spectrum  is  given  in  Fig. 5.  Same  operation  to  spanwise  (z) 
direction  gives  Fig. 4(b)  which  is  along  spanwise  line  in  a 
plane  y+  =  15  ancj  the  level  is  j  =  3.  It  is  found  that  in 
the  spanwise  direction  also  peaks  which  indicate  clusters 
appear. 

The  above  transform  is  extended  to  two  -  dimensional 
space  of  x-z  plane  and  is  applied  to  the  wj  field  of  above- 
mentioned  time  instant. 

Fig. 6(a)  is  a  physical  space  structure  of  larger  scale  struc¬ 
ture  of  quasi-streamwise  vortices  for  the  level  j  —  4  in  x 
and  j  =  3  in  z  direction,  obtained  by  inverse  transform 
and  the  threshold  value  for  vorticity  is  |w^"|  =  0.07.  The 
rest  of  the  field  of  quasi-streamwise  vortices,  or  the  smaller 
scale  structure,  obtained  by  the  same  operation  as  above 
is  shown  in  Fig. 6(b)  where  threshold  is  |u»4|  =  0.2.  It  is 
interesting  that  the  latter  is  quite  similar  to  the  original 
picture  of  Fig. 1(a),  which  suggests  that  usual  identifica¬ 
tion  of  quasi-streamwise  vortices  by  limiting  vorticity  as 
|u>J  |  >  0.2  yields  small  scale  structure.  Figures  6(a)(b) 
demonstrate  that  around  a  small  scale  structure,  a  larger 
scale  structure  involving  the  former  exists. 

Wall-normal  distribution  of  rms-value  of  <  |u>4rm3|  > 
of  small  and  large  scales  averaged  in  a  plane  parallel  to 
the  wall  is  shown  in  Fig. 7  where  thick  and  fine  solid  lines 
and  broken  lines  are  for  total,  small  scale  and  large  scale 
vorticity,  respectively.  Other  components  <  <JyiTma  >  and 
<  u>t,rms  >  show  similar  distributions.  Vorticity  is  mostly 
included  in  small  scale  vortices  and  in  viscous  sublayer, 
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Fig. 7  Wall-normal  distribution  of  rms-value  of  u>f  of 
small  and  large  scales  averaged  in  a  plane  parallel  to  the 
wall.  Thick  line  :  total,  fine  chained  line  :  small  scale  and 
broken  line  :  large  scale. 


large  scale  vortices  become  important  since  small  scale  fluc¬ 
tuation  is  hard  to  be  born  there  because  of  strong  viscosity 
effect.  But  in  the  sublayer,  vorticity  usually  represents  vor¬ 
tex  sheet  but  not  vortex  tube. 

Sustenance  of  Vortices 

Since  larger  scale  structure  experiences  slower  dissipa¬ 
tion  due  to  viscosity,  above-mentioned  large  scale  vortical 
field  can  live  long  if  small  scale  structure  underneath  is 
taken  off,  as  shown  in  Fig. 8(a)  which  shows  evolution  of 
large  scale  vortices  by  plan  view  of  every  A t+  =  30  in  each 
strip.  As  for  the  cluster  of  small  scale  vortices,  it  may  be 
expected  that  it  can  survive  by  itself  if  it  is  embedded  in  a 
mean  shear  layer  of  any  kind,  since  it  is  known  that  a  sin¬ 
gle  quasi-streamwise  vortex  has  self-sustaining  mechanism 
(Miyake  et  al.,  1996).  A  numerical  experiment  in  which 
above-mentioned  cluster  of  small  scale  vortices  of  Fig. 6(b) 
is  placed  in  a  homogeneous  mean  channel  flow  which  is  uni¬ 
form  both  in  x  and  2  direction  and  has  turbulent  velocity 
distribution  normal  to  the  wall  was  conducted.  Fig. 8(b) 
shows  the  result  where  the  distribution  of  vortices  are  de¬ 
picted  in  the  same  manner  as  in  Fig. 1(a).  That  is,  the 
left-end  strip  is  for  the  initial  instant  when  the  vortices 
are  distributed  identically  with  Fig. 6(b)  and  each  strip  is 
for  At+  =  30  after  to  that  to  its  left.  It  is  found  that 
small  scale  structure  quickly  disappears,  far  quickly  than 
in  Fig. 1(a).  This  indicates  that  mean  shear  of  arbitrary 
velocity  distribution  is  not  useful  in  sustaining  a  cluster 
of  small  scale  vortices.  That  is,  small  scale  structure  ne¬ 
cessitates  its  own  large  scale  structure  around  it  which  is 
inherent  to  itself,  in  order  to  be  able  to  generate  new  vor¬ 
ticity  to  live  long. 

In  order  to  get  an  idea  how  large  and  small  scale  vor¬ 
tices  are  interacting  with  each  other,  vorticity  production 
is  investigated. 

Vorticity  equation  is  given  by 

w  =  A'w+ ih;v2uj  =  fee“ + /tet  +  itv2w(11) 

where  e„  =  w/ |w|,  A  =  dui/dxj  and  D/Dt  is  material 
derivative(Tsujimoto  et  al.,  1997).  /e  is  production  rate  of 
vorticity  by  stretching  and  ft  is  that  by  turning  or  sum  of 
tilting  and  yawing.  Denoting  the  quantities  of  large  scale 
vortex  by  over  bar  as  /  and  that  of  small  scale  vortex  by 
prime  as  one  has  four  components  of  A  ■  u. 


Fig. 8  The  time  evolution  of  each  decomposed  initial 
large  and  small  scale  vortices  embedded  in  mean  turbu¬ 
lent  Poiseuille  flow,  (a)  :  Large  scale(|w*  |  >  0.07),  (b)  : 
small  scale(|wj"|  >  0.2). 


Namely,  as  for  the  stretching  part  of  it,  Ae:  [(A  ■  ui)  ■  ew], 
Be:  [(A'  ■  u>)  ■  eu],  Ce:  [(A _•  w')  •  ew],  De:  [(A'  •  u')  ■  tu] 
and  for  turning  part,  At:  A  •  ii  —  P_  •  £>)  •  e^,]  ■  ew,  Bt: 
A'  •  ui  —  [(A'  ■  u>)  •  eu ]  •  ew,  Ct:  A  •  ui‘  —  [(A  •  w')  •  e^]  •  ew,  Dt: 
A'  -u>'  —  [(A'  •  u')  •  eu]  •  ew.  A  and  D  mean  production  rate 
of  large  scale  vorticity  and  small  scale  one,  by  themselves, 
respectively,  B  is  production  rate  of  large  scale  vorticity  by 
small  scale  strain  rate  and  C,  that  of  small  scale  vorticity 
by  large  scale  strain  rate. 

Wall-normal  distribution  of  above  Ae,  At,  etc.,  for  x- 
wise  vorticity  component  ux,  averaged  in  a  plane  parallel 
to  the  wall  are  shown  in  Fig. 9(a)  for  stretching  part  fex 
and  Fig. 9(b)  for  turning  part  ftx. 

In  the  figures,  thick  solid  lines  are  for  A,  broken  lines, 
for  B,  thin  solid  lines,  for  C,  thin  dotted  lines,  for  D  and 
symbols  are  for  total  production  rate.  It  is  demonstrated  in 
the  figure  that  large  scale  structures  are  not  self- sustain  able 
since  both  Acx  and  Atx  are  negligibly  small  in  whole  section 
but  the  lines  B  indicate  that  large  scale  vortices  produces 
vorticity  supported  by  stretching  of  small  scale  vortices. 
However,  they  dissipate  vorticity  in  buffer  layer  to  produce 
small  scale  vorticity  by  turning. 
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Fig.  9  Wall-normal  distribution  of  the  splitted  produc¬ 
tion  rate  for  x-wise  vorticity  component  w„  (a)  :  stretching 
part  /„,  (b)  :  turning  part  ftx.  Thick  solid  line  :  A,  bro¬ 
ken  line  :  B,  thin  solid  line  :  C,  thin  dotted  line  :  D  and 
symbols  :  total. 

As  for  the  small  scale  vortices,  major  field  of  production 
is  buffer  layer,  as  is  known  widely  and  both  stretching  and 
turning  due  to  straining  by  large  scale  vortices  contribute 
parallely,  though  the  latter  is  much  larger  than  the  former. 
The  property  that  turning  is  the  largest  contributer  is  in¬ 
terpreted  as  that  supply  of  new  streamwise  vorticity  by 
tilting  of  wall-normal  vorticity  due  to  velocity  gradient  of 
large  scale  flow  field  is  the  major  source  of  wx.  Stretching 
effect  /el  is  known  to  be  most  important  in  the  core  re¬ 
gion  of  mature  quasi-streamwise  vortices(Tsujimoto  et  al., 
1997). 

But  it  should  be  noted  that  net  production  rate  shown  in 
the  figure  is  negative  in  large  scale  vortices  which  is  because 
the  presented  data  on  which  the  curve  is  based  is  at  only 
one  instant  and  long-term  average  is  needed  for  more  exact 
quantitative  conclusion. 

Figures  10  show  the  tilting  angle  of  vortex  lines  of  large 
and  small  scale  vortices.  Fig. 10(a)  is  wall-normal  distribu¬ 
tion  of  tilting  angle  a  from  the  wall,  of  quasi-streamwise 
vortices  and  thin  solid  line  is  for  small  scale  vortices  and 
broken  line  is  for  large  scale  ones  and  thick  solid  line  in  be¬ 
tween  is  for  whole  ones.  Small  scale  vortices  are  more  tilted 
from  the  wall,  suggesting  that  many  of  them  are  underway 
of  turning  to  horizontal  direction.  Meanwhile,  large  scale 
vortices  are  found  to  be  of  flat  configuration,  extending 
in  horizontal  direction.  Fig. 10(b)  is  similar  distribution  as 
Fig.  10(a)  of  tilting  angle  0  from  the  spanwise  direction. 

Conclusion 

1.  Clustering  of  quasi-streamwise  vortices  was  exemplified 
by  a  particular  DNS  using  a  long  streamwise  computational 
box. 

2.  The  clustering  is  confirmed  to  be  inherent  in  the 
near  wall  turbulence.  Regeneration  property  of  quasi- 
streamwise  vortices  is  substantial  in  cluster  formation. 


Fig.  10  wall-normal  distribution  of  the  tilting  angle  of  vor¬ 
tex  lines  of  large  and  small  scale  vortices,  (a)  angle  a  from 
the  wall,  (b)  angle  0  from  the  spanwise  direction.  Thin 
solid  line  :  small  scale,  broken  line  :  large  scale  and  thick 
solid  line  :  whole. 

3.  By  decomposition  of  vortical  field  into  large  scale  and 
small  scale  structures,  it  turned  out  that  usually  observed 
quasi-streamwise  vortices  are  small  scale  ones  and  are  cov¬ 
ered  by  large  scale  structure. 

4.  Large  scale  vortices  can  survive  long  if  they  do  not 
interact  with  small  scale  vortices  though  they  are  not  self- 
sustainable.  But  small  scale  vortices  necessitate  assistance 
of  large  scale  vortices  which  is  not  arbitrary  one  but  inher¬ 
ent  to  themselves,  to  sustain. 
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ABSTRACT 

Direct  numerical  simulations  of  turbulent  flow  in  a  channel 
have  provided  an  opportunity  to  understand  how  turbulence 
is  produced  by  flow  over  a  flat  wall.  Elongated  vortices  at 
the  wall,  which  regenerate  themselves,  are  found  to  play  a 
key  role.  Studies  at  two  different  Reynolds  numbers  reveal 
that  these  vortices  scale  with  wall  parameters.  Wavenumber 
spectra  for  spanwise  and  streamwise  velocity  fluctuations  in 
the  viscous  wall  region  change  with  Reynolds  number. 
Wavenumber  spectra  for  the  Reynolds  stress  do  not. 

INTRODUCTION 

Fluid  flowing  over  a  smooth  solid  wall  generates 
turbulence  if  the  flow  rate  is  large  enough.  A  plot  of  the 
mean  velocity  made  dimensionless  with  the  friction  velocity, 

U,  versus  the  logarithm  of  the  dimensionless  distance  from 
the  wall,  y,  reveals  important  characteristics  of  this  flow. 
The  region  y  (  30  is  called  the  viscous  wall  region  because 
time-mean  viscous  stresses  are  contributing  to  the 
determination  of  the  variation  of  the  mean  velocity.  For 
turbulent  flow  in  a  channel  with  a  half-width  of  H  the  mean 
velocity  in  the  region  y  )  30  and  y  /  H  (  0.15  is  described 
by  the  relation 

U  =  A  toy  +  B 

where,  except  for  very  small  Reynolds  numbers,  the 
constants  are  not  affected  by  Reynolds  number. 

Turbulence  measurements  reveal  that  there  is  a  net 
production  of  turbulence  in  the  viscous  wall  region,  that 
production  equals  dissipation  in  the  log-layer,  and  that  there 
is  a  net  dissipation  in  the  outer  flow.  In  this  sense,  the 
viscous  wall  region  is  the  engine  that  drives  the  turbulence. 
Laboratory  studies  suggest  that  the  viscous  wall  region  is 
dominated  by  elongated  eddies  which  have  a  lateral  width  of 
50  wall  units.  These  eddies  create  a  streaky  structure,  with 
a  spacing  of  A=100,  when  dye  is  injected  at  the  wall. 

Direct  numerical  simulations  of  turbulent  flow  in  a  channel 
with  H=150  (Lyons,  et  al„  1991)  and  with  H=190  (Kim,  et 
al.,  1997)  have  provided  considerable  information  about  the 


structure  of  the  wall  eddies.  Recently,  Papavassiliou 
(1996)  has  developed  a  simulation  for  H=300.  This  paper 
summarizes  what  is  being  discovered  about  the  wall 
vortices.  In  particular,  it  uses  the  simulations  at  H=150 
and  H=300  to  provide  an  understanding  of  the  scaling. 

INSTANTANEOUS  VECTOR  FIELDS 

One  of  the  best  ways  of  understanding  this  scaling  is  to 
examine  the  vectors  in  a  plane  perpendicular  to  the  flow. 
Figures  la  and  lb  show  this  plane  for  H=150  and  for 
H=300.  The  abscissas,  z/H,  and  the  ordinates,  y/H,  are 
normalized  with  the  outer  flow  variable.  Figure  la  is  for 
a  low  enough  Reynolds  number  that  a  log-layer  hardly 
exists.  It  shows  that  the  region  close  to  the  wall  is 
dominated  by  vortices.  Results  presented  by  Brooke,  et  al. 
(1993)  would  suggest  that  these  vortices  should  be 
independent  of  outer  flow  events.  However,  an 
examination  of  flows  right  at  the  wall  shows  the  influence 
of  large  scale  (outer  flow)  events  on  the  spanwise  flow. 
An  important  feature  of  this  vector  field  is  the  existence  of 
large  scale  flows,  which  we  will  call  "sheets,"  that  extend 
over  large  distances  in  the  y-direction.  These  sheets  could 
be  associated  with  the  wall  vortices  and  their  spacing  in 
the  y-direction  represents  the  larger  scales  in  the  outer 
flow.  A  comparison  of  Figures  la  and  lb  reveals  that  the 
wall  vortices  decrease  in  size  with  an  increase  in  H. 

Figures  2a  and  2b  present  a  plot  of  this  same  vector 
field  in  which  the  ordinate  and  the  abscissa  are  normalized 
with  the  viscous  length  scale,  v/v+.  It  is  noted  that  the 
wall  vortices  are  the  same  size  when  plotted  in  this  way, 
as  are  the  small  swirling  motions  in  the  outer  flow. 
Vortices  attached  to  the  wall  have  a  size  of  40-50  wall 
units  for  both  H=150  and  H=300.  The  vortices  which 
have  detached  have  been  shown  by  Brooke,  et  al.  (1993) 
to  be  part  of  a  larger  vortex  structure  which,  most  often,  is 
attached  to  the  wall  upstream.  These  vortices  increase  in 
size  with  distance  from  the  wall;  they  could  be  the 
dominant  feature  in  the  log-layer. 

Large  Reynolds  stresses  and  large  productions  of 
turbulence  in  the  viscous  wall  region  are  found  to  be 
associated  with  the  attached  vortices;  q2  and  q4  events  are. 
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respectively,  associated  with  the  outflows  and  inflows  of 
these  vortices.  An  examination  of  the  x-y  plane  reveals  with 
the  q2-  and  q4-events  are  parts  of  elongated  negative  and 
positive  velocity  streaks  which  fill  the  viscous  wall  region. 

The  up  and  down  drafts  of  detached  vortices  are  also 
associated  with  q2  and  q^j  -  Reynolds  stress  events.  Large 
Reynolds  stresses  in  the  outer  flow  are  associated  with  the 
sheetlike  structures  shown  in  Figures  1  and  2.  In  the  x-y 
plane  these  events  are  displayed  as  positive  or  negative 
surges  in  the  streamwise  velocity  which  extend  over  large 
distances  in  the  y-  and  x-directions.  Laboratory 
measurements  with  PIV  (Hanratty,  et  al.,  1993;  Liu,  et  al., 
1991)  reveal  the  presence  of  such  surges  over  a  large  range 
of  Reynolds  numbers. 

WAVENUMBER  SPECTRA 

A  more  quantitative  definition  of  the  scales  representing 
the  turbulence  can  be  obtained  by  comparing  wavenumber 
spectra  in  the  z-  and  x-directions  for  H=150  and  for  H=300. 
It  is  found  that,  in  the  viscous  wall  region  (see  Figure  3),  the 
wavenumber  spectrum  of  the  Reynolds  stress  in  the  z- 
direction  is  independent  of  H.  This  is  consistent  with  the 
idea  that  the  turbulence  producing  events  in  the  viscous  wall 
region  scale  with  wall  parameters.  This  also  seems  to  be  the 
case  for  the  normal  velocity  fluctuations.  However,  the 
spectral  functions  for  the  streamwise  and  spanwise  velocity 
fluctuations  at  low  L,  are  found  to  be  dependent  on  H.  This 
indicates  that  the  outer  flow  is  affecting  the  turbulent  velocity 
fluctuations  but  not  turbulence  production.  Spectra  in  the 
outer  flow  are  best  normalized  with  outer  flow  scales.  These 
show  that  the  influence  of  viscosity  becomes  important  at 
large  wavenumbers,  which  scale  with  wall  parameters. 
Because  of  this  damping,  the  median  wavenumber  increases 
with  increasing  H. 

DISCUSSION 

The  picture  that  evolves  from  this  study  and  previous 
works  of  Brooke  &  Hanratty  (1993),  Lyons,  et  al.,  (1989), 
Kline  &  Robinson  (1989)  and  Kim,  Moin  &  Moser  (1987)  is 
that  the  viscous  wall  region  is  an  "active  region"  which  is  a 
net  producer  of  turbulence.  This  production  occurs  through 
vortices  attached  to  the  wall.  The  wall  streaks  appear  to  be 
the  result  of  a  number  of  these  vortices  which  line  up  in  the 
direction  of  flow.  The  vortices  recreate  themselves  and  scale 
with  viscous  wall  units;  the  outer  flow  appears  to  be  exerting 
little  influence.  We  speculate  that  Reynolds  stresses  in  the 
log-layer  are  associated  with  vortical  structures  (created  at 
the  wall)  which  grow  in  size  with  distance  from  the  wall. 
The  importance  of  the  viscous  wall  region  is  maintaining 
turbulence  created  at  smooth  walls  becomes  evident. 

This  central  role  of  the  viscous  wall  region  is  a  surprising 
result  since,  at  very  large  Reynolds  numbers,  a  small  fraction 
of  the  change  in  streamwise  velocity  occurs  in  the  viscous 
wall  region.  As  the  Reynolds  number  increases  the  size  of 
the  wall  vortices  becomes  quite  small.  Certainly,  in  the  limit 
of  very  large  Reynolds  numbers  many  aspects  of  the  process 
could  change  because  wall  roughness  will  then  become  an 
important  factor. 

The  constant  B  characterizing  the  logarithmic  behavior  of 
the  mean  velocity  profile  outside  the  viscous  wall  region 
does  not  appear  to  change  over  a  wide  range  of  Reynolds 
numbers,  so  long  as  the  wall  may  be  considered  to  be 


smooth.  The  magnitude  of  the  constant  is  governed  by 
processes  in  the  viscous  wall  region.  Even  though 
measurements  close  to  the  wall  cannot  be  made  at  very 
large  Reynolds  numbers,  measurements  of  mean  velocity 
profiles  do  support  the  notion  that  turbulence  creation 
processes  in  the  viscous  wall  region  remain  the  same  over 
a  large  range  of  Reynolds  numbers. 
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Figure  la.  Vectors  in  y-z  plane  plotted  with  outer 
flow  scaling;  H=1 50. 


Figure  2a.  Vectors  in  y-z  plane  plotted  with  wall 
scaling;  H=150. 
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Figure  2b.  Vectors  in  z-y  plane  plotted  with  wall 
scaling;  H=300. 


Figure  3.  Wavenumber  spectra  of  the  q2 
components  of  the  Reynolds  stress. 
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ABSTRACT 

So  far,  Reynolds  number  effects  on  flow  have  been  stud¬ 
ied  with  Poiseuille  flow.  However,  since  the  Reynolds  num¬ 
ber  and  non-dimensional  shear  stress  gradient  parameter 
are  coincidentally  the  same  for  Poiseuille  flow,  we  can  not 
study  the  Reynolds  number  effect  separately.  On  the  other 
hand,  as  the  turbulent  Couette  flow  has  a  constant  shear 
stress  and  the  shear  stress  gradient  parameter  does  not 
change,  the  Reynolds  number  is  only  parameter  of  this 
flow.  Using  this  feature  of  the  Couette  flow,  the  first  objec¬ 
tive  of  this  work  is  to  study  the  Reynolds  number  effects  on 
the  mean  velocity  and  turbulent  statistics  of  the  wall  tur¬ 
bulent  flow.  The  second  objective  is  to  elucidate  the  differ¬ 
ences  between  Poiseuille  and  Couette  flows.  Experiments 

2hub 

have  been  performed  in  the  range  of  3000  <  - <  20000 

v 

(£4,  moving  belt  speed;  2 h,  channel  height). 

Low  Reynolds  number  effects  are  shown  as  follows;  ad¬ 
ditive  constant  of  the  law  of  the  wall  B,  a  coefficient  of  de¬ 
fect  law  Rs  and  the  maximum  turbulence  intensity  u  ju, 
(u.,  friction  velocity)  decrease  as  the  Reynolds  number  de¬ 
creases.  Compared  to  the  Poiseuille  flow,  the  power  spec¬ 
trum  of  streamwise  velocity  of  the  Couette  flow  has  greater 
power  in  the  low  frequency  range  due  to  the  fluctuating 
longitudinal  large  eddies. 

INTRODUCTION 

Concerning  the  low  Reynolds  number  effects  on  the  law 
of  the  wall,  Huffman  &  Bradshaw  reported  an  upward  shift 
of  U+  (=  U/u.)  in  the  logarithmic  region  as  the  Reynolds 
number  decreases  for  Poiseuille  flow.  Wei  &  Willmarth  and 
Antonia  et  al.  studied  the  effects  of  the  Reynolds  num¬ 
ber  on  the  inner  scaling  law  of  the  turbulence  intensities, 
u'+,v'+  and  Reynolds  stress  -u+v+,  using  plane  Poiseuille 
flows. 

Kitoh  et  al.  studied  Couette-Poiseuille  flow  in  which  the 
shear  stress  gradient  can  be  set  at  any  value,  and  showed 
that  the  law  of  the  wall  is  mainly  affected  by  the  shear 
stress  gradient  rather  than  by  the  Reynolds  number. 

From  dimensional  analyses,  the  velocity  profile  near  the 
wall  in  the  case  of  Couette-Poiseuille  flow  can  be  expressed 


as, 


U+  (=U/u.)  =  f(y+,Re',») 


(1) 


where  p  is  a  non-dimensional  shear  stress  gradient  param¬ 
eter  ( =  "'fr)  ,  and  Re'  =  — . 

I  vju.  I  V 


For  plane  Poiseuille  flow,  the  relation  of  Re'  =  — p  holds, 
so  it  is  not  clear  which  parameter  (Re*  or  p)  substantially 
affects  the  velocity  profile  as  Re’  is  changed.  On  the  other 
hand,  Couette  flow  has  infinite  p,  so  the  velocity  profile  is 
expressed  as, 


U+  =  f(y+,  Re").  (2) 

Eq.  (2)  shows  that  the  velocity  profile  of  the  Couette  flow 
depends  only  on  Re*,  allowing  us  to  study  the  Reynolds 
number  effects  on  the  wall  turbulent  flow.  This  is  the  first 
objective  of  this  work.  The  second  objective  is  to  show  the 
differences  in  higher  order  moments  of  turbulent  velocities 
between  the  Poiseuille  and  Couette  flows. 


EXPERIMENTAL  APPARATUS  AND  PRO¬ 
CEDURE 

The  measurement  reported  here  is  made  in  air  in  a  belt- 
type  Couette  flow  apparatus.  Fig.  1.  The  moving  belt  is 
made  of  polyurethane  and  the  stationary  wall  of  acrylic 
resin.  At  the  inlet  of  the  channel,  a  shear  generating  grid 
is  installed  which  promotes  fully  developed  Couette  flow  in 
a  short  inlet  length.  The  channel  heights  are  set  to  47 mm 
and  27 mm  resulting  in  an  aspect  ratio  of  18.7  and  32.6, 
respectively.  The  measurements  are  carried  out  at  184h 
(2 h  =  47 mm)  or  320h  (2 h  =  27 mm)  downstream  of  the 
flow  entrance.  It  has  been  ensured  that  the  mean  velocity 
profile  and  turbulence  intensity  profile  do  not  change  down¬ 
stream  of  this  station.  The  coordinate  system  is  shown  in 
Fig.  1.  The  mean  velocity  and  the  fluctuating  velocities 
are  measured  using  I-wire  of  5pm  tungsten  (0.8 mm  sens¬ 
ing  length),  and  X-wire  of  3 pm  tungsten  (0.5mm  sensing 
length  with  0.5mm  separation).  The  signals  are  digitized 
on  a  personal  computer  using  a  12-bit  A/D  data  acquisi¬ 
tion  system  at  a  sampling  frequency  of  10  kHz/channel  for 
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Figure  1:  Experimental  apparatus. 


120  seconds.  The  sampled  data  are  processed  on  a  work 
station  to  obtain  the  mean  and  fluctuating  velocities.  Wall 
shear  stresses  are  estimated  by  fitting  the  measured  pro¬ 
files  to  the  universal  profile  in  the  range  of  2  <  y+  <  8. 
The  present  experimental  conditions  are  shown  in  Tab.  1. 

In  the  table,  the  Reynolds  number  ^Reb  =  is  based 

on  belt  velocity  £4  and  channel  height  2 h. 


Reb 

|  20000 

15000 

10000 

7000 

5000 

3000 

Re' 

253.3 

192.3 

138.2 

100.5 

73.4 

50.1 

Table  1:  Experimental  conditions. 


RESULTS  AND  DISCUSSION 

Mean  velocity  profiles 

Figure  2  shows  a  friction  coefficient  defined  as 


Figure  2:  Wall  friction  coefficient. 


(3)  Figure  3:  Law  of  the  wall. 


The  lines  in  the  figure  represent  a  laminar  flow  relation, 


(4) 


and  an  empirical  relation  of  Robertson  &  Johnson  for  tur¬ 
bulent  flow, 


C/  =  20.095/  log(Refc/4)2.  (5) 

The  present  results  agree  with  Eq.  (5). 

Figure  3  shows  the  velocity  profiles  plotted  in  wall  vari¬ 
ables.  Some  Reynolds  number  dependency  can  be  seen 
among  the  profiles.  The  value  of  «  is  found  to  be  0.40  for 
all  Reynolds  numbers.  Additive  constant  B  of  logarithmic 
law  is  plotted  in  Fig.  4.  Patel  L  Head  reported  that  B 
increases  as  the  Reynolds  number  decreases  in  Poiseuille 
flow.  In  Couette  flow,  however,  B  decreases  with  Reynolds 
number  .  As  mentioned  before,  the  Poiseuille  flow  results 
is  explained  by  the  effect  of  the  shear  stress  gradient.  At 
high  Reynolds  number,  Couette  and  Poiseuille  flows  have 
constant  value  of  B.  Figure  5  shows  Van  Driest  dumping 
factors  A+  against  Re".  Huffman  &  Bradshaw  reported 
that  Van  Driest  dumping  factor  increases  as  Re'  decreases. 
In  Couette  flow,  Van  Driest  dumping  factor  decreases  with 
Re'  in  low  Reynolds  number  region.  A+  and  B  have  a 
similar  trend  against  Re’  for  both  flows,  because  A+  is 
intimately  related  to  B. 

du+ 

Figure  6  shows  the  distribution  of  y+ -  as  a  function 

dy+ 

of  y+.  The  distribution  is  the  same  irrespective  of  Re b  in 


the  range  of  Reb  >  7000.  In  the  range  of  Reb  <  5000,  the 
Reynolds  number  effects  on  the  distribution  appear.  The 
dU+ 

value  of  becomes  smaller  in  the  range  of  y+  >  25 

for  Reb  =  5000  and  y+  >  10  for  Reb  =  3000.  The  Reynolds 
number  effects  invade  smaller  y+  as  Reb  decreases. 

In  the  core  region,  velocity  profile  follows  the  defect  law; 


Uc-U 

u. 


(6) 


Unlike  the  case  of  the  ordinary  defect  law,  Couette  flow  has 
an  Re-dependent  velocity  profile  even  in  the  core  region, 
because  the  shear  exists  there.  Figure  7  shows  the  coef¬ 
ficient  Rs  of  the  defect  law  against  Ub/u..  The  abscissa 
Ub/u.  increases  with  Re'.  Compared  to  the  present  data, 
others  scatter  rather  widely.  The  overall  trend  of  Rs  is 
that  Rs  increases  with  Ub/u.. 

Eddy  viscosity  is  shown  in  Fig.  8  .  Using  Van  Driest 
damping  factor  A+ ,  eddy  viscosity  vt  near  wall  region  can 
be  expressed  as, 


Vt 

2  hu. 


(7) 


+ 


N 


1  +  4  k  Re 


1  —  exp 


(t)' 


T  2 


A+ 
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For  the  logarithmic  region,  ut/2hu.  is  expressed  as, 


For  the  core  region,  assuming  that  ut  is  constant  against 
y.  the  following  relation  holds, 


2 hu.  2 Rs  2 Re' '  K  1 

In  each  region,  the  present  data  follow  the  above  equations, 
Eq.  (7)  ~  (9).  The  constant  value  of  ut/2hu.  increases  as 
Reynolds  number  decreases.  The  first  term  in  the  right 
hand  side  of  Eq.  (9)  is  much  larger  than  the  second  term 
(direct  molecular  viscosity).  Because  Rs  increases  with 
Ret,  as  shown  in  Fig.  7,  the  first  term  decreases  with  Res 
and  it  makes  ut/2hu.  smaller  for  high  Res- 

Turbulence  intensity  and  higher  order  moment 

Figure  9  shows  the  turbulent  kinetic  energy  produc¬ 
tion  —u+v+dU+/dy+.  Here,  Reynolds  stress  —u+v+ 
is  calculated  of  —  u+v+  =  1  —  dU+/dy+.  For  high 
Reynolds  number  Couette  flow  (Ret  >  7000),  the  value 
of  —u+v+dU+/dy+  becomes  independent  of  Re t.  From 
the  results  obtained  by  Antonia  et  al.  and  Wei  &  Will- 
marth,  the  curve  of  —u+v+dU+  /dy+  for  Poiseuille  flow 
approaches  to  that  for  the  Couette  flow  with  increasing 


Re'.  This  result  can  be  shown  as  follows.  The  kinetic 
energy  production  for  Poiseuille  flow  is  written  by 


In  the  above  equation,  Re'  — >  oo  gives 


which  is  the  same  as  the  kinetic  energy  production  for  Cou¬ 
ette  flow.  From  Eq.  (11  ),  we  obtain  0.25  as  the  maxi¬ 
mum  value  of  -u+v+dU+/dy+.  This  value  agrees  with  the 
present  experimental  result  as  shown  in  Fig.  9.  For  Cou¬ 
ette  flow,  when  Res  decreases  from  high  Reynolds  number 
to  3000,  the  profile  moves  downward  from  the  curve  of 
higher  Reynolds  number  production  for  y+  >  18.  Conse¬ 
quently,  it  can  be  known  that  low  Reynolds  number  effects 
invade  the  buffer  layer  through  the  production  term. 

The  stream  wise  turbulence  intensities  scaled  by  inner 
variable  are  shown  in  Fig.  10.  The  peak  value  of  u' /u., 
whose  location  is  unchanged  ( y+  ss  14  ),  increases  with 
Reynolds  number.  For  y+  >  80,  u'/u.  has  a  constant 
value  (u'/u.  «  2.0).  The  dependence  of  the  peak  value  of 
(u'/u.)  on  Re'  is  plotted  in  Fig.  11.  In  Couette  flow,  the 
peak  value  which  is  greater  than  that  of  Poiseuille  flow  in¬ 
creases  with  Re'  for  low  Reynolds  number  range,  but  seems 
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Figure  13:  Correlation  coefficient  of  uv/u'v' . 


Power  spectra  of  u  and  v  at  y+  —  40  appear  in  Figs. 
18  and  19.  The  power  spectral  density  cj>  of  the  velocity 
components  u  and  v  is  given  by 

roo 

u+2  or  v+2  =  /  4>(uJ+)dw+.  (12) 

Jo 

The  relation  between  \&+(w+)  and  4>(u>+)  is: 

=  u+<fi(u>+)/v.  (13) 

where  ui+  =  uv/ul  is  the  radian  frequency  seeded  by  inner 
variables.  Large  energy  at  the  low  frequency  was  observed 
in  Couette  flow,  but  not  in  Poiseuille  flow,  as  shown  in  Fig. 
18.  The  large  energy  at  the  low  frequency  is  caused  by  the 
large  longitudinal  fluctuating  eddies  found  by  Lee  et  al. 
Following  Wei  &  Willmarth,  there  was  greater  energy  at 
the  high  frequencies  with  increasing  Reynolds  number.  As 
seen  in  Couette  flow,  however,  the  power  spectra  is  inde¬ 
pendent  of  the  Reynolds  number.  In  Fig.  19,  the  spectrum 
v  is  independent  of  Reynolds  number,  although  it  decreases 
as  Reynolds  number  decreases  in  Poiseuille  flow.  Because 
the  turbulence  intensity  v'  decreases  as  Reynolds  number 
decreases  in  Poiseuille  flow.  No  effects  of  the  large  lon¬ 
gitudinal  fluctuating  large  eddies  described  above  can  be 
seen. 

CONCLUSION 


(i)  The  Reynolds  number  effect  on  the  wall  law  is  that 
U+  in  logarithmic  region  moves  downward  as  Re’  de¬ 
creases.  Its  effect  on  mean  velocity  appears  in  the 
buffer  region. 

(ii)  The  Rs  of  the  defect  law  increases  with  Reynolds 
number. 

(iii)  The  maximum  value  of  u' /u.  decreases  with  decreas¬ 
ing  Reynolds  number  in  Couette  and  Poiseuille  flows. 
The  maximum  value  of  u' /u.  in  Couette  flow  is 
greater  than  that  in  Poiseuille  flow.  For  y+  >  80 
in  Couette  flow,  u'  ju.  and  v'  ju.  have  respective  con¬ 
stants  values,  which  are  independent  of  the  Reynolds 
number. 

(iv)  Profiles  of  skewness  and  flatness  are  independent  of 
the  Reynolds  number  in  Couette  flow,  although  these 
depend  on  Reynolds  number  in  Poiseuille. 

(v)  The  distribution  of  power  spectra  of  u  and  v  are  in¬ 
dependent  of  Reynolds  number.  In  power  spectrum 
u,  there  is  large  energy  at  the  low  frequency,  because 
the  fluctuating  longitudinal  large  eddies  occur. 
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to  remain  constant  for  Re’  >  200.  In  Poiseuille  flow,  how¬ 
ever,  the  peak  value  of  (u  /u.)  gradually  increases  with 
Re’  and  approaches  that  of  Couette  flow. 

The  turbulence  intensity  normal  to  the  wall  scaled  by 
inner  variable  is  shown  in  Fig.  12.  We  also  measured  v'  in 
Poiseuille  flows  by  X-type  probe.  From  the  comparison  be¬ 
tween  DNS  data  (Kim  et  al.  and  Kuroda)  and  the  present 
result  of  v  in  Poiseuille  flow,  we  confirmed  that  the  data 
were  reliable  for  y+  >  40.  In  Couette  flow,  present  mea¬ 
surements  for  y+  <  40  are  higher  than  those  of  Komminaho 
et  al.  or  Bech  et  al.,  but  the  present  result  for  y+  >  40 
agrees  with  the  latter’s  results.  So  that  measured  results 
for  y+  >  40  are  reliable.  The  profiles  of  v'/u*  approach 
a  constant  value  which  are  independent  of  the  Reynolds 
number  (v'/u.  ~  1.1),  as  y+  goes  to  oo.  In  Poiseuille  flow, 
however,  the  v'/u.  curve  approaches  that  of  Couette  flow 
as  Re  increases,  as  shown  in  this  figure.  Poiseuille  flow  at 
Re’  =  oo  is  equivalent  to  that  in  Couette  flow  (p  =  oo) 
except  for  the  turbulent  core  region,  as  described  on  the 
production. 

Figure  13  shows  the  correlation  coefficient.  In  Poiseuille 
flow,  —uv/uv  is  virtually  constant  and  equal  to  0.4  over 
a  considerable  region  of  the  flow  near  the  wall.  In  Couette 
flow,  —uv/uv'  remains  constant  over  the  channel  height. 
The  present  measurement  of  —uv/uv'  gives  approximately 
0.4,  which  agrees  with  the  values  obtained  by  Bech  et  al., 
Komminaho  et  al.  and  the  value  of  the  Poiseuille  flow.  El 
Telbany  k  Reynolds,  however,  reported  —uv/uv'  =  0.65 
which  is  too  high. 


Figure  10:  Turbulence  intensity(u'). 


The  skewness  factor  and  flatness  factor  of  u  are  pre¬ 
sented  in  Figs.  14  and  15,  respectively.  These  graphs  show 
good  agreement  between  the  simulation  and  the  present 
measurements  of  S(u)  and  F(u)  over  the  wide  range  of 
y+  for  both  Poiseuille  and  Couette  flows.  The  distribu¬ 
tions  of  S(u )  and  F(u)  show  Reynolds  number  indepen¬ 
dence  near  the  wall  for  y+  <  20,  and  Reynolds  number 
dependence  for  y+  >  20  in  Poiseuille  flow;  but  Reynolds 
number  independence  is  evident  in  Couette  flow.  In  com¬ 
parison  with  Poiseuille  and  Couette  flows,  distributions  of 
S(u)  and  F(u)  near  the  wall  are  similar,  but  quite  different 
for  y+  >  20.  The  location  for  the  maximum  u  ju.  coin¬ 
cides  with  the  position  where  the  skewness  is  zero  and  the 
flatness  has  its  minimum  in  the  present  measurement,  as 
mentioned  in  Bech  et  al. 

The  skewness  and  flatness  of  v  are  presented  in  Figs.  16 
and  17,  respectively.  The  experimental  data  of  S(v)  and 
F(v)  are  different  from  the  simulation  near  the  wall,  be¬ 
cause  of  measurement  errors.  But  the  experimental  data 
of  S(v)  and  F(v)  are  reliable  for  y+  >  60,  because  the 
present  measurements  of  S(v)  and  F(v)  agree  with  simu¬ 
lation  (Kim  et  al.  and  Kuroda)  for  y+  >  60  in  Poiseuille 
flow.  The  profiles  of  S(v)  and  F(v)  show  Reynolds  number 
dependence  for  y+  >  60  in  Poiseuille  flow.  Profiles  of  S(v) 
and  F(v)  do  not  show  Reynolds  number  dependence  more 
clearly  in  Couette  flow  than  in  Poiseuille  flow.  As  the  pro¬ 
file  of  S(v)  and  F(v)  of  Couette  flow  are  in  good  agreement 
with  those  of  Poiseuille  flow  for  y+  <  20,  the  mechanism 
of  burst  can  be  conjectured  to  be  similar  in  both  flows. 
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ABSTRACT 

Topological  principles  were  applied  to  flow  patterns  on  the  sym¬ 
metry  plane  and  solid  surfaces  to  infer  the  three-dimensional  flow 
field  around  configurations  of  multiple,  surface-mounted  cubes. 
Laser  Doppler  Anemometry  measurements,  oil-film  and  smoke 
visualisation  observations  provided  complementary  information 
for  analysis.  The  configurations  studied  included  a  single  in-line 
streamwise  row  and  an  in  line  matrix  placed  in  a  developing  tur¬ 
bulent  channel  flow.  The  flow  field  inferred  for  the  in  line  array 
showed  a  classical  horseshoe  vortex  structure  developing  directly 
upwind  of  the  leading  obstacle  base.  The  analysis  for  the  cube 
matrix  focused  on  the  flow  features  in  the  deep  matrix  for  which 
the  flow  was  observed  to  be  spatially  periodic.  For  the  tightly 
packed  matrix  (5/ H=  I ),  the  flow  reattaches  at  the  windward  face 
of  the  subsequent  cubes  whilst  for  the  case  with  S/H= 3,  the  shear 
layer  reattaches  on  the  channel  floor  in  the  inter-cube  gap  and 
results  in  a  two-cell  vortex  system. 

INTRODUCTION 

Mean  surface-flow  patterns  obtained  with  an  oil-film  visualisa¬ 
tion  technique  are  particularly  well  suited  to  topological  analysis 
for  deriving  details  on  the  local  flow  pattern  in  configurations  of 
wall-mounted  protrusions.  Hunt  el  al.  (1978)  described  appli¬ 
cations  of  topology  to  oil-film  visualisations  to  deduce  the  flow 
field  around  single  wall-mounted  prismatic  obstacles.  They  pro¬ 
vided  details  of  the  kinematic  and  topological  principles  neces- 
sary  to  infer  the  flow  field  from  the  identification  of  critical  points 
(nodes  and  saddles)  on  the  surfaces  which  bound  the  flow.  Mar- 
tinuzzi  and  Tropea  (1993)  applied  these  concepts  to  document 
the  mean  flow  structure  around  surface-mounted,  square  cross- 
section  blocks  placed  in  a  fully  developed,  turbulent  channel  flow. 
These  results  show  the  existence  of  two  distinct  flow  regimes 
based  on  the  obstacle  height-to-span  ratio.  Devenport  and  Simp¬ 
son  (1991)  studied  the  horseshoe  vortex  structure  upstream  of  a 
wing-bodyjunction.  They  observed  that  the  flow  patterns  obtained 
using  an  oil-film  technique  differed  from  that  observed  from  ve¬ 
locity  measurements  and  attributed  these  inconsistencies  to  the 
dynamic,  bimodal  behavior  of  the  flow.  However,  Larousse  et 
al.  (1991)  showed  that  a  detailed  topological  analysis  of  the  flow 
patterns  obtained  with  an  oil-film  technique,  complemented  by 
observations  made  from  laser-light  sheet  experiments,  allowed  a 
mode  segregated  reconstruction  of  the  horseshoe  vortex  structure 


upstream  of  a  surface-mounted  cube  which  agreed  well  with  ac¬ 
quired  velocity-data,  (see  Martinuzzi  and  Tropea,  1993).  Hence, 
an  accurate  representation  of  the  flow  field  must  be  consistent 
with  information  obtained  with  complementary  techniques.  Al¬ 
though  the  oil-film  visualisation  technique  provides  information 
only  of  the  near  wall  flow  features,  careful  topology  analysis  al¬ 
lows  to  extend  these  results  to  obtain  a  qualitative  description  of 
the  macroscopic  flow  features  away  from  the  wall.  Due  to  the 
fine  detail  possible  with  the  technique,  it  is  possible  to  easily  iden¬ 
tify  small  structures  which  could  be  difficult  to  detect  with  other 
methods.  In  addition  to  providing  quantifiable  information  on  the 
location  of  separation  and  reattachment  lines,  this  method  should 
also  serve  to  guide  anemometric  studies. 

This  paper  focuses  on  the  flow  features  in  configurations  of 
surface-mounted  cubes  placed  in  a  developing  turbulent  channel 
flow.  The  research  was  motivated  by  the  need  to  identify  the  flow 
structure,  which  is  important  in  understanding  the  local  convective 
heat  transfer.  For  example  the  improvement  of  the  design  and  the 
reliability  of  high  power  electronic  circuitry  is  closely  linked  with 
detailed  knowledge  of  and  the  ability  to  predict  the  flow  structure 
around  individual  components.  The  surface  flow  pattern  for  an 
in-line  array  and  in  line  matrices  of  cubes  are  analysed  topologi¬ 
cally  to  reveal  additional  flow  details  not  directly  observed  from 
Laser  Doppler  Anemometry  (LDA)  measurements.  Smoke  visu¬ 
alisation  observations  complement  these  results.  Special  attention 
is  focused  on  the  effect  of  the  inter-obstacle  separation  between 
the  cubes  located  deep  within  a  matrix  flow. 

EXPERIMENTAL  TECHNIQUE 

Test-configuration 

The  configurations  considered  consisted  of  surface-mounted 
cubes  placed  in  a  channel  flow  at  Reynolds  numbers  between 
3000-6000,  based  on  the  cube  dimension,  H=15  mm,  and  the  bulk 
velocity.  The  channel  height  was  h=50  mm.  The  elements  were 
placed  with  one  face  normal  to  the  on-coming  flow.  The  investiga¬ 
tions  were  performed  in  a  developing  turbulent  channel  flow.  The 
leading  face  of  the  first  obstacle  was  located  approximately  15  h 
downstream  of  the  inlet,  where  the  flow  was  tripped  to  enhance 
the  transition  to  a  turbulent  boundary  layer.  The  in  line  array 
consisted  of  six  cubes  located  along  the  channel  center-line  with 
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inter-cube  spacing  S[H=\.  In  line  matrix  bundles  spanning  the 
entire  channel  width  and  at  least  10  obstacles  deep,  were  tested 
for  separations  of  S/H= 1 ,2  and?, 


(LDA)  measurements  and  smoke  visualisations  of  the  flow  struc¬ 
ture.  Details  of  the  used  LDA-system  can  be  found  in  Meinders 
etal  (1997). 


Oil-film  mixture 

A  mixture  of  kerosene,  oil  and  graphite  was  used  to  obtain 
mean  surface  flow  patterns  on  the  obstacle  and  channel  floor. 
The  mixture  composition  was  chosen  to  prevent  surface  pattern 
diffusion  due  to  turbulent  fluctuations  while  still  allowing  the 
particles  to  follow  the  mean  flow.  The  transport  of  the  oil-film 
particles  and  the  resulting  streak  lines  on  the  surface  are  directly 
proportional  to  the  surface  stress  vector,  which  must  be  parallel 
to  the  near-wall  velocity  vector.  This  condition  is  needed  for  the 
successful  application  of  this  technique  (see  Hunt  et  al.,  1978). 

Topology  principles 

The  pattern  of  pigment  accumulation  or  removal  can  serve  to 
identify  critical  points,  where  the  surface  stress  and  velocity  vec¬ 
tors  identically  vanish,  or  critical  lines  along  which  the  surface 
shear  stress  component  normal  to  the  line  is  zero.  There  are  two 
classes  of  critical  points  (see  for  example  Hunt  et  al  (1978)  and 
Perry  and  Fairlie,  1974).  Nodes,  or  nodal  points,  are  isolated 
singularities  through  which  an  infinite  number  of  surface-stress 
trajectories  pass  either  radially  (simple  nodes)  or  as  high  vorticity 
confocal  spirals  (foci).  Reattachment  (stagnation)  and  separation 
points  correspond  to  divergent  and  convergent  flow  patterns,  re¬ 
spectively.  Typical  examples  are  shown  in  Fig.  la  and  b.  Saddle 
points  are  singularities  through  which  only  two  critical  lines  cross. 
The  flow  converges  along  one  line  and  diverges  along  the  other, 
see  Fig.  lc,  (the  diverging  critical  line  is  often  rich  in  pigment).’ 
Establishing  the  physical  significanceof  saddle  points  depends  on 
a  proper  interpretation  of  the  local  flow. 
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Figure  1:  Types  of  topological  critical  points:  Nodal  points 
(N):  (a)  attachment,  (b)  separation  and  (c)  Saddle  points  (S). 


For  a  general  flow-field,  the  difference  between  the  total  sum  of 
nodes,  N,  and  saddles,  ]T  5,  satisfies: 

EJV“E5  =  2-2ff  (1) 

where  g  is  the  genus  or  connectivity  of  the  surface.  The  flow 
on  the  channel  walls  and  on  the  surface  of  wall-mounted  cubes 
is  topologically  equivalent  to  a  sphere  (g= 0)  with  two  additional 
nodal  points  (channel  inlet  and  outlet)  so  that  2  -  2g=0.  Hunt  et 
al.  (1978)  extended  the  topological  principle  to  the  analysis  for 
the  velocity  field  in  planes  normal  to  walls.  It  is  shown  that  for 
the  symmetry  plane  y /H= 0: 

(E^+iE^'j-Cs+jE5')-0  (2) 

where  N  and  S  are  half  nodes  and  saddles,  respectively,  occur¬ 
ring  at  the  solid  boundaries. 

The  three-dimensional  mean  flow  structure  was  inferred  from 
these  critical  points  and  lines  at  the  surface  of  both  the  obsta¬ 
cle  and  channel  wall,  together  with  Laser  Doppler  Anemometry 


ARRAY  OF  CUBES 

The  structure  of  the  flow  field  around  an  in  line  array  of  six 
cubes  placed  in  a  developing  turbulent  channel  flow  (spacing  one 
cube  height,  5/ H= 1)  was  deduced  from  the  surface  flow  pattern 
shown  rn  Frg.  2a.  A  cursory  overview  of  that  figure  reveals  that 
the  pigment  patterns  on  and  around  all  but  the  first  obstacle  are 
qualitatively  similar.  However,  the  flow  patterns  are  not  fully 
developed  (i.e.  no  spatial  periodicity  in  the  streamwise  direction) 
even  after  six  obstacles  as  can  be  seen  from  the  nearly  linear 
growth  of  the  region  bound  by  the  pigment  line  A. 


Figure  3:  Smoke  visualization  of  the  front  face  of  the  leadinq 
cube  in  the  array  of  cubes  (flow  from  right  to  left).  Sa  and 
Si,  correspond  to  the  notation  in  the  oil-film  results. 


Figure  4:  Smoke  visualization  of  the  flow  pattern  around  the 
single  array  of  cubical  protrusions  at  z/H  =  0.5. 


The  rather  complex  surface  patterns  directly  upstream  of  the 
leading  cube  is  due  to  the  horseshoe  vortex  system  also  observed 
along  the  symmetry  plane,  y/H  =  0,  with  a  laser  light  sheet 
technique  (see  Fig.  3).  The  primary  vortex  causes  a  flow  separation 
resulting  in  the  separation  saddle,  denoted  as  Sa  in  Fig.  2a.  A 
tertiary  system  of  induced  vortices  is  located  upstream  of  the 
primary  vortex.  It  extends  up  to  the  primary  separation  saddle 
point  S6.  seen  as  the  accumulation  of  pigment  in  Fig.  2a  about 
which  a  clear  separation  critical  line  originates.  The  critical  lines 
through  Sa  and  Sb  mark  the  location  of  the  horseshoe  vortex 
system  as  it  is  deflected  downstream  along  the  lateral  sides  of  the 
array.  These  join  approximately  1.5  H  downstream  of  the  leading 
obstacle  trailing  edge  indicating  that  the  horseshoe  structure  is 
consolidated  in  the  primary  vortex.  In  the  wake  of  the  leading  and 
subsequent  obstacles,  two  vorticity  concentrations  are  denoted  by 
the  counter-rotating  foci  (N  in  Fig.  2a).  These  are  the  imprints 
of  an  arch-shaped  vortex,  confined  in  the  inter-cube  spacing.  An 
instantaneous  smoke  visualization  along  the  plane  z/H  =  0.5, 
given  in  Fig.  4,  shows  the  main  vortex  structure  in  front  of  the 
leading  cube  and  the  symmetric  recirculations  in  the  gap  between 
the  leading  and  second  cube. 


Two  saddles  exist  in  the  inter-cube  area  (S  in  Fig.  2a)  suggesting 
that  fluid  is  exhausted  from  the  wake  region  between  these  points 
and  the  downstream  windward  face.  Hence,  the  gap  area  does 
not  form  a  closed  recirculation  bubble.  The  existence  of  a  vortex 
tube  extending  up  the  cube  lateral  faces  can  be  inferred  from  its 
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Figure  2:  (a)  Oil-film  visualisation  of  an  in-line  single  array  of  6  cubes  in  a  developing  turbulent  channel  flow  and  the 
corresponding  sketches  of  the  critical  points  and  stream  lines  for  the  planes  (b)  z/H= 0  and  (c)  y/H= 0. 
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z-coordinate  (mm) 

Figure  5:  Profiles  of  the  streamwise  velocity  u  in  direction 
normal  to  the  channel  wall  at  y/H= 0  and  the  center  of  the 
top  face:  (+)  El,  (o)  E2,  (x)  E3  and  (A)  E4.  The  location  of 
the  top  face,  at  r= 15  mm,  is  indicated  with  the  dashed  line. 


footprint  on  the  channel  floor  (marked  N  directly  downstream  of 
the  leading  side  edge.  Note  that  the  side-wall  vortices  are  much 
larger  for  the  leading  obstacle  than  on  the  subsequent  cubes. 


Figure  6:  Three-dimensional  sketch  of  the  flow  field  around 
the  first  three  cubes  in  the  packed  array. 

The  appearance  of  two  foci  on  top  of  the  leading  cube,  the  im¬ 
print  of  the  bound  vortex  at  the  top  face,  suggests  flow  reversal 
as  is  confirmed  by  LDA-measurementsof  the  streamwise  velocity 
component  at  the  centerline  of  the  cube,  shown  in  Fig.  5.  This 
flow  pattern  differs  markedly  from  those  on  the  top  faces  of  the 
downstream  obstacles,  where  the  lack  of  pigment  at  and  behind 
the  leading  edge  suggests  attached  flow.  The  velocity  profiles 
shown  in  Fig.  5  indicate  a  simple  shear  layer  with  no  inflection 
further  supporting  this  interpretation.  Hence,  the  shear  layer  sep¬ 
arating  from  the  upstream  obstacle  must  reattach  on  the  front  face 
of  the  subsequent  obstacle.  The  significance  of  the  pigment  accu¬ 
mulation  at  the  trailing  edge  of  the  obstacle  top  face  is  not  clear. 
It  may  be  a  result  of  either  surface  adhesion  (evacuation  of  the 
pigment  being  blocked  by  the  return  flow  up  the  leeward  face)  or 
due  to  a  local  flow  reversal.  Fortunately,  since  both  structures  are 
topologically  closed  (i.e.  removable  mathematical  singularities), 
their  interpretation  will  not  affect  the  deduced  flow  pattern  for  the 
remaining  field. 

The  location  of  the  aforementioned  critical  points  on  the  channel 
surface  z/H= 0  are  schematically  summarised  in  Fig.  2b.  Since 
the  flow  pattern  is  topologically  similar  around  each  obstacle, 
except  for  the  leading  and  trailing  obstacle,  an  abridged  array 
representation  is  shown.  Note  that  the  flow,  however,  is  not  fully 
developed  (spatially  periodic)  since  the  pigment  line  A  is  still 
diverging.  The  summation  of  critical  points  is  given  in  this  figure. 
Also  note  that  the  removal  of  the  obstacle  surfaces  is  equivalent 
to  increasing  the  surface  connectivity.  Hence,  with  four  obstacles 
removed,  the  topological  constraint  of  Hunt  et  al.  { 1978)  becomes: 


(Tl  N +  ;  N')  -  (53  s  +  5  21  S')  ~  -4-  The  critical  points 

on  z/H= 0  are  transposed  on  the  plane  of  symmetry  y/H= 0  in 
Fig.  2c.  For  example,  while  a  reattachment  point  appears  as  a 
simple  node  on  z/H= 0,  it  appears  as  a  half  saddle  in  the  plane 
y/H=0.  The  existence  and  location  of  free  saddle  and  nodal 
points  m  the  plane  of  symmetry  are  then  deduced  to  satisfy  the 
topological  constraints.  The  sums  of  the  critical  points  are  given 
m  Fig.  2c  and  satisfy  constraint  (2).  A  sketch  of  the  major  features 
of  the  three-dimensional  mean  flow  features  is  given  in  Fig  6. 

MATRICES  OF  CUBES 

The  flow  in  a  matrix  of  surface-mounted  cubes  was  investigated 
for  separations  of  S/H= 1,2  and  3.  The  surface  patterns  become 
spatially  periodic  in  both  the  spanwise  and  the  streamwise  di¬ 
rection  (developed  condition)  after  the  fourth  row  which  is  much 
earlier  than  for  the  array  configuration.  In  the  matrix,  the  presence 
of  the  obstacles  to  the  sides  serve  to  constrain  the  lateral  expansion 
of  the  wake  flow.  Since  the  near-wall  region  develops  first,  the 
establishment  of  a  fully  developed  condition  for  the  entire  flow  is 
expected  to  be  delayed  by  several  rows. 

The  surface  flow  patterns  around  an  obstacle  deep  in  the  matrix 
and  the  schematics  for  separation  S/H= 1  are  shown  in  Fig  7. 
The  oil-film  pattern  at  the  base  reveals  two  counter-rotating  foci 
in  the  wake,  indicated  with  N,  which  is  the  imprint  of  the  arch- 
vortex.  Further,  a  line  of  pigment  concentration  is  prevalent  at 
the  trailing  edge  of  the  top  face.  This  spatially  periodic  pattern  is 
topological  analogous  to  that  for  the  obstacles  within  the  in-line 
array  with  S/H=  1.  The  sums  of  the  critical  points,  denoted  in 
Fig  7b,  reveal  that  the  topological  constraint  (2)  is  satisfied  for 
the  symmetry-plane  y/H=Q.  Further,  the  sums  in  Fig  7c  indicate 

,nnl(£  f  +  *  £  • N'K '  (£  ‘ 5  +  2  £  5')  =  -1-  "hich  is  the 
topological  constraint  with  one  cube  removed. 

An  oil-film  visualisation  of  the  surface  flow  pattern  for  an  in-line 
matrix  with  spacing  S/H= 3  is  given  in  Fig.  8  for  a  spatially  peri¬ 
odic  region  in  the  matrix.  The  topologically  consistent  schematic 
for  the  channel  floor  is  given  in  Fig  8b.  Two  significant  differ¬ 
ences  distinguish  this  situation  from  the  previous  flow  patterns 
First,  the  shear  layer,  separated  from  the  leading  edge,  penetrates 
the  mter-obstacle  spacing  and  reattaches  along  the  line  of  smooth 
pigment  accumulation  with  a  node  N  at  the  symmetry-line  and 
the  two  saddles,  S,  symmetrically  located  upstream  of  the  node 
(Fig  8a).  The  reattachment  flow  also  permits  the  formation  of  a 
horseshoe-type  vortex  at  the  upwind  base  of  the  subsequent  ob- 
stacle.  The  presence  of  these  multiple  separations  results  in  the 
appearance  of  a  saddle  along  y/H=0  directly  downstream  of  the 
reattachment  node.  These  structures  are  visible  from  the  cor¬ 
responding  LDA-measurements  of  Fig  9  at  the  symmetry-plane 
for  one  full  period  (4H).  Following  a  transposition  of  the  critical 
points  for  the  plane  of  symmetry.  Fig  8c,  it  is  noted  that  the  flow 
must  reattach  between  the  cubes  to  be  topologically  consistent 
The  reattachment  point  is  found  at  x/H= 1.4  which  is  in  good 
agreement  with  the  oil-film  result.  The  smaller  vortices  at  the 
b3Sue  ?f^lC  ^stacle- as  indicated  in  Fig  8b,  could  not  be  resolved 
with  LDA.  The  second  major  difference  is  the  separation  along 
the  leading  edge  denoted  in  Fig.  8a  by  the  pigment  accumulation 
present  there.  The  arch-vortex  in  the  wake,  identified  by  the  two 
counter-rotating  foci  N,  behind  the  trailing  edge,  could  also  be 
observed  from  the  vector  representation  of  the  velocity  field  in  a 
plane  parallel  to  the  channel  floor  at  z/H= 0.25,  given  in  Fig.  10. 

An  oil-film  visualisation  of  the  fully  developed  matrix  flow  with 
spacing  S/H- 2  is  given  in  Fig  1 1.  The  topological  features  for 
this  spacing  are  equivalent  to  the  matrix  flow  with  spacing  S/H= 3 
and  therefore,  the  schematics  from  Fig.  8b  and  c  apply  also  for 
this  case. 

CONCLUSIONS 

Topology  principles  were  applied  to  flow  field  data  ob¬ 
tained  from  Laser  Doppler  Anemometiy  measurements,  oil-film 
and  smoke  visualisations  to  infer  the  three-dimensional  macro¬ 
scopic  flow  structure  for  multiple-obstacle  configurations  of  wall- 
mounted  cubes  placed  in  a  developing  channel  flow.  This  approach 
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Figure  7:  (a)  Oil-surface  visualisation  of  an  in-line  matrix  of 
cubes  with  spacing  S/H=1  and  the  corresponding  sketches 
for  (b)  the  symmetry  plane  y/H= 0  and  (c)  the  channel  floor 

z/H= 0. 


Figure  8:  (a)  Oil-surface  visualisation  of  an  in-line  matrix  of 
cubes  with  spacing  S/H=3  and  the  sketches  of  the  critical 
points  and  stream  lines  for  the  planes  (b)  y/H=0  and  (c) 
z/H=0. 
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Figure  9:  Vector-plot  of  the  streamwise  velocity  u  at  the 
symmetry-plane  y/H= 0. 


Figure  10:  Vector  plot  of  the  velocity  field  at  a  plane  parallel 
to  the  channel  wall  at  half  cube  height  z/H= 0.25. 


Figure  11:  Oil-surface  visualisation  of  an  in-line  matrix  of 
cubes  with  separation  S/H= 2. 
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allowed  a  qualitative  reconstruction  of  the  flow  with  relatively  lit¬ 
tle  information.  For  the  in  line  array  of  cubes  with  separation 
S/H=  1,  a  horseshoe  vortex  structure  originated  directly  upstream 
of  the  leading  obstacle  base.  The  flow  field  around  each  cube, 
except  for  the  leading  and  closing  one,  was  topologically  equiva¬ 
lent  to  the  fully  developed  matrix  flow  with  tight  spacing  S/H=  1 . 
For  both  configurations,  it  was  shown  that  the  flow  reattached 
at  the  windward  face  of  the  subsequent  cubes.  In  contrast,  the 
flow  for  the  matrix  with  spacing  S/H =3  showed  shear  layer  reat¬ 
tachment  at  the  channel  floor  at  roughly  1.4  H  from  the  trailing 
edge.  Further,  the  fluid  exchange  between  the  wake  region  and  the 
surrounding  air  was  increased  compared  to  the  denser  populated 
matrix  with  spacing  S/H=l. 
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ABSTRACT 

The  numerical  simulation  of  flow  in  the  annular  duct  is 
performed  using  Large  Eddy  Simulation  (LES).  The  initial 
conditions  are  prescribed  as  the  laminar  flows  upon  which 
are  superimposed  some  disturbances  that  are  derived  from 
the  solution  to  the  Orr-  Sommerfeld  (O-S)  equation.  The 
entire  flow  history  is  simulated,  i.e.  from  laminar  to  transi¬ 
tional  and  to  fully  developed  turbulent  flow.  The  number  of 
control  volumes  are  set  at  393, 216.  The  Reynolds  number 
is  7325  based  on  the  bulk  velocities  and  hydraulic  diam¬ 
eters.  A  variety  of  the  statistical  and  structural  informa¬ 
tion  are  extracted,  particularly  the  turbulent  kinetic  energy 
and  various  correlations.  The  time  averaged  secondary  flow 
for  the  annular  duct  shows  strong,  counter  rotating  vortex 
pair  structures,  symmetrically  placed  around  the  four  outer 
comers  of  the  inner  square  duct  and  weak,  counter  rotat¬ 
ing  vortex  pair  structures,  symmetrically  placed  around  the 
four  inner  comers  of  the  outer  square  duct. 

1.  INTRODUCTION 

The  turbulent  flow  field  in  the  vicinity  of  sharp  comers 
is  a  subject  of  interest  because  there  are  significant  al¬ 
terations  to  the  turbulence  structures;  also,  this  type 
of  flow  configuration  is  industrially  relevant.  In  the 
paper  the  flow  inside  an  annular  duct,  see  Fig.  1,  are 
considered,  which,  to  our  knowledge,  there  are  no  prior 
investigations. 

The  production  of  secondary  flow  inside  straight  duct 
can  be  attributed  to  two  mechanisms,  see  Bradshaw 
(1987).  These  are  skew-induced  vortex  generation  by 
quasi-inviscid  deflection  of  existing  mean  vortidty  and 
stress-induced  vortex  generation  by  anisotropy  and  in¬ 
homogeneity  of  turbulent  (Reynolds)  stresses.  Obvi¬ 
ously,  the  stress  induced  mechanism  is  responsible  for 
the  generation  of  the  secondary  flow  in  an  annular  duct. 
However,  there  remains  uncertainty  about  the  individ¬ 
ual  contributions  of  the  normal  and  shear  stresses  to 


the  production  of  and  the  transitional  effects  on  the 
secondary  flow. 

In  the  paper,  the  turbulent  flow  inside  annular  duct  is 
investigated  by  Luge  Eddy  Simulation  using  temporal 
approach.  The  turbulent  driven  secondary  flow  struc¬ 
tures  ue  revealed.  The  mechanisms  for  the  formation 
of  the  secondary  flow  ue  explored  by  interogating  the 
anisotropic  distributions  of  streamwise  vortidty  gener¬ 
ation. 


2.  GOVERNING  EQUATIONS 
The  computational  domain  is  shown  in  Fig.  1.  By 
streamwise  force  balance  relation,  it  can  be  obtained 
that: 

(pi  -  J>a)  (do2  -  d*2)  =  4  (JC7de  +  777d<)  l  (1) 

where:  pi  and  pj  ue  pressures  at  inlet  and  outlet;  l 
is  the  length  of  the  annular  duct;  d„  and  di  ue  the 
hydraulic  diameters  and  777  and  777  ue  the  mean  wall 
sheu  stresses  of  the  inner  and  outer  ducts,  respectively. 

By  defining  an  overall  mean  wall  sheu  stress  as: 


Eq.  1  can  be  rewritten  as: 

(pi  —Pz)di  =  4771  (3) 

By  choosing  the  characteristic  length  as  di/2  and  the 
characteristic  velodty  as  the  mean  frictional  velodty, 
u7  =  (57-/P)*,  the  non-dimensional  mean  pressure  gra¬ 
dient  can  be  obtained  from  Eq.  3: 

-f  =  ST*  =  2  W 
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The  governing  equations  are  the  filtered,  see  Madab- 
hushi  and  Vanka  (1991),  three  dimensional,  time  de¬ 
pendent  N-S  equations  closed  by  the  Smagorinsky  eddy 
viscosity  model: 


Index  i  =  1,2,3  refers  to  the  x,y  and  z  directions,  re¬ 
spectively,  and  x  is  the  steamwise  direction  and  y  and 
z  are  the  transverse  directions.  Sij  is  the  unit  tensor 
and  repeated  indices  imply  summation. 

The  Reynolds  number  is  defined  by  Re?  =  u?d/v, 
where  v  is  the  molecular  viscosity  and  d  is  half  of  the 
hyraulic  diameter  of  annular  duct.  The  term,  26u  in 
Eq.  2,  represents  the  mean  pressure  gradient  and  p  is 
the  turbulent  pressure  fluctuation. 

The  use  of  the  Smagorinsky  SGS  model  is  justified  for 
low  Reynolds  number,  since  Madabhushi  and  Vanka 
(1991)  and  Breuer  and  Rodi  (1994)  demonstrate  rea¬ 
sonably  good  agreement  with  experimental  data  at  low 
Reynolds  numbers  using  different  types  of  SGS  models, 
implying  that  the  turbulence  driven  secondary  flows 
are  insensative  to  the  crudeness  of  the  SGS  model. 


3.  DISCRETIZATION 

A  second-order  finite  volume  method  is  used  to  ef¬ 
fect  spatial  discretization  of  the  governing  equations. 
The  Adams-Bashforth  second-order  scheme  is  used  for 
the  convection  terms  and  the  Adams-Moulton  second- 
order  scheme  is  used  for  the  diffusion  terms.  The  im¬ 
plicit  treatment  of  the  diffusion  terms  eases  signifi¬ 
cantly  the  stability  requirement  of  the  time  marching 
step.  The  fractional  step  method  on  a  staggered  grid 
system  is  used  for  pressure-velocity  coupling.  All  these 
discretization  techniques  lead  to  the  following  system 
of  discretised  equations: 

i^t  =  i(3Ci"-Cj”-I)  +  i(A  +  A")  (7) 


Uj"*1  -  Uj 

At 


Set,"*1 

Sx{ 


(8) 


5u]+1 

Sxj 


=  0 


(9) 


where: 


where  S  is  the  finite  difference  operator,  with  the  su¬ 
perscript  n  denoting  the  discrete  time  level;  u<  is  used 
to  denote  the  intermediate  values  of  velocity. 


4.  INITIAL  AND  BOUNDARY  CONDITIONS 
Since  it  is  believed  that  turbulence  starts  from  some 
long  wave  lengths  (at  the  order  of  characteristic  length 
of  relevant  flows),  the  initial  condition  is  constructed 
from  a  fully  developed  laminar  velocity  profile: 


1  (&u 

Rer  \dy*  +  dz*)-~dx  ~ 2 


(11) 


upon  which  are  superimposed  disturbances  that  are  so¬ 
lutions  to  the  O-S  equation: 


where:  the  streamfunction  ip  (y)  =  A<p  (y)  e’a(s-et)  with 
4>  (y)  being  the  eigenfunction;  u  is  the  basic  laminar  ve¬ 
locity;  R,  is  the  Reynolds  number;  a  is  the  spatial  wave 
number;  a c  =  acr  +  iacj  with  ctCf  being  the  tempo¬ 
ral  frequency  and  ac,-  being  the  temporal  amplification 
factor. 


The  periodic  boundary  conditions  are  imposed  at  the 
inlet  and  outlet  surfaces  of  the  annular  duct.  No  slip 
boundary  conditions  are  prescribed  on  the  walls.  The 
van  Driest  damping  function  is  used  to  damping  the 
length  scales  near  the  walls,  which  gives  the  following 
SGS  eddy  viscosity  formulation: 


W=iUr(C.DS)^i(M  +  g)  (13) 

where  C,  =  0.1  and  A  =  ( hxhyht )*. 

The  wall  damping  function  is: 

D~ (_If)]  [1-e3tp  (I4> 

where  y*  and  z+  is  the  coordinate  scaled  by  the  fric¬ 
tional  velocity,  uT. 
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5.  PRESENTATION  OF  RESULTS 
The  size  of  the  nondimensional  computation  domain  is 
16a-  x  4  x  4  for  the  outer  duct  and  16ir  x  2  x  2  for  the 
inner  duct,  in  the  x,  y  and  z  directions,  respectively. 
The  grid  size  is  set  at  130  x  66  x  66  and  the  time  step 
nondimensionaiized  by  the  large  eddy  turnover  time 
(LETOT)  d/tir,  is  taken  to  be  At  =  5.0  x  10-4,  which 
maintains  a  CFL  number  below  0.5. 

The  evolution  of  the  flow  from  the  initial  perturbed 
laminar  to  a  turbulent  state  is  described  in  Fig.2  to 
5.  This  is  observed  by  monitoring  the  secondary  flow 
as  it  alters  with  time.  The  mass  flux  decreases  as 
the  streamwise  velocity  profile  becomes  non-parabolic. 
The  prescribed  average  pressure  gradient  can  not  main¬ 
tain  the  corresponding  laminar  flow  rate  since  part  of 
the  pressure  gradient  is  used  to  overcome  to  the  tur¬ 
bulent  shear  stresses. 

The  secondary  flow  first  appears  around  the  four  outer 
comers  of  the  inner  square  duct.  The  secondary  flow 
builds  there  for  about  500  time  steps  and  then  begins  to 
diffuse  throughout  the  entire  flow  field.  Although  there 
are  significant  changes  occuring  in  the  first  5000  time 
steps,  the  spatially-averaged  secondary  flow  in  this  pe¬ 
riod  has  a  clear  and  ordered  structure.  After  5000  time 
steps,  these  ordered  structures  become  vaguer  and  fi¬ 
nally  disappear  after  about  10000  time  steps. 

The  temporally  and  spatially  averaged  secondary  flow, 
Fig.  6  and  7,  indicate  the  existence  of  strong,  counter 
rotating,  vortex-pair  structures,  symmetrically  placed 
around  the  four  outer  comers  of  the  inner  square  duct 
and  weak,  counter  rotating,  vortex-pair  structures,  sym¬ 
metrically  placed  around  the  four  inner  comers  of  the 
outer  square  duct. 


ih«*r  itr*s*  contribution  normal  strut  contribution 


As  indicated  in  Eq.  (15),  the  streamwise  axial  mean 
vortidty  is  generated  by  anisotropy  in  the  Reynolds 
stresses.  In  Fig.  8  and  9,  the  vortidty  production  al¬ 
ternate  regionally  positive  and  negative  in  sign.  The 
contributions  of  the  normal  stresses  to  the  production 
of  vortidty  are  not  equal  to  that  of  shear  stress;  how¬ 
ever,  the  production  around  the  outer  comers  of  in¬ 
ner  duct  is  about  one  order  of  magnitude  greater  than 
that  around  the  inner  comers  of  outer  duct.  This  pro¬ 
vides  some  rationale  for  the  existence  of  the  very  strong 
counter  rotating  vortex  pair  around  the  outer  comers 
of  inner  duct. 

The  contour  plots  of  vortidty  productions  around  the 
inner  comers  of  outer  duct  show  structures  similar  to 
that  given  by  Kajishima  (1692)  for  LES  of  square  duct 
flow.  This  suggests  that  the  mechanism  for  the  forma¬ 
tion  of  weak  counter  rotating  vortex  pair  is  basically 
similar  to  that  in  a  square  duct.  However,  by  magni¬ 
fying  the  region  around  the  outer  comers  of  inner  duct 
and  ignoring  the  isovalues  below  100  for  shear  stress 
and  the  isovalues  below  50  for  normal  stress,  Fig.  10 
and  11  display  a  butterfly-shaped  structure  for  both 
normal  stress  and  shear  stress  contributions.  This  sug¬ 
gests  that  those  distribution  of  normal  and  shear  stress 
are  responsible  for  the  formation  of  the  strong  counter 
rotating  vortex  pairs. 


The  contour  plots  of  turbulent  kinetic  energy  indicate 
that  most  of  the  energy  is  concentrated  near  the  wall 
and  outer-comers  of  inner  square  duct  regions.  The 
lobes  and  indents  of  the  contour  plots  of  turbulent 
shear  stresses  demonstrate  an  alternating  positive-  neg¬ 
ative  sign  structures  coherently  occuring  in  space,  which 
are  responsible  for  generating  the  turbulent  secondary 
flow,  as  explained  in  the  next  section. 


6.  DISCUSSION 

The  mechanisms  for  the  formation  of  the  turbulent  sec¬ 
ondary  flow  are  seen  in  the  streamwise  mean  vortic- 
ity  transport  equation  for  statistically  stationary  flows, 
Bradshaw(1987), 


+  v^±  +  w 

8y 


an, 

dz 


It  is  interesting  to  note  that  there  is  a  significant  alter¬ 
ation  in  the  structure  of  the  streamwise  kinetic  energy 
taken  between  the  time  from  0  to  25  and  the  time  from 
5  to  25,  where  the  time  is  measured  by  LETOT.  The 
energy  first  accumulates  in  the  middle  region  of  the 
annular  duct  and  then  spreads  to  the  near- wall  region. 
Further  investigation  of  this  phenomenon  is  left  for  fu¬ 
ture  work. 

The  current  LES  investigations  of  annular  duct  pro¬ 
vide  a  database  to  interogate  the  coherent  structures, 
As  demonstrated  by  Sullivan  and  Pollard  (1996),  four 
types  of  coherent  structure  identification  techniques 
can  be  used,  these  are  (1)  Proper  Orthogonal  Decom¬ 
position  (POD);  (2)  Linear  Stochastic  Estimation  (LSE); 
(3)  Gram-Charlier  Estimation  (GCE);  (4)  Wavelet  De¬ 
composition  (WD).  The  POD  technique  is  used  by 
Gavrilakis  (1997)  to  investigate  the  fluctuating  velocity 
fields  from  the  direct  numerical  simulation  database  of 
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square  duct.  It  is  expected  that  by  using  similar  struc¬ 
ture  identification  technique  on  the  annular  flow  LES 
database,  more  interesting  characteristic  features  for 
the  outer  comer  flows  can  be  obtained. 


7.  CONCLUSION 

Large  Eddy  Simulation  is  performed  for  annular  duct 
flow.  The  entire  flow  history  is  simulated  using  a  tem¬ 
poral  approach,  i.e.  from  laminar  to  transitional  and 
to  fully  developed  turbulent  flow.  Significant  stream- 
wise  tubulent  energy  redistribution  is  observed  in  the 
transitional  stage.  The  time  averaged  secondary  flow 
exhibits  strong,  counter  rotating  vortex  pair  structures, 
symmetrically  placed  around  the  four  outer  comers  of 
the  inner  square  duct  and  weak,  counter  rotating  vor¬ 
tex  pur  structures,  symmetrically  placed  around  the 
four  inner  comers  of  the  outer  square  duct.  Contribu¬ 
tions  of  the  normal  and  shear  stress  gradients  to  the 
generation  of  streamwise  vorticity  was  highlighted. 
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Figure  1:  Annular  duct  flow  geometry 
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Figure  2:  Annular  duct  velocity  profile 


Figure  3:  Secondary  flow  at  500  time  steps 
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„  .  _  ,  ,  ..  ,  Figure  6:  Time-averaged  secondary  flow  inside  annular 

Figure  4:  Secondary  flow  at  5000  time  steps  ^  ^  _  ^25 


Y-axis 


Figure  5:  Secondary  flow  at  10000  time  steps 


Figure  7:  Time-averaged  streamwise  vortidty  con¬ 
tours,  +/-  indicate  sign  of  vortidty 
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Figure  8:  Time-averaged  stream  wise  vorticity  genera¬ 
tion  by  shear  stress  contribution  to  mean  vorticity  in 
Eq.  (15) 
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Figure  9:  Time-averaged  streamwise  vorticity  genera¬ 
tion  by  normal  stress  contribution  to  mean  vorticity  in 
Eq.  (15) 


Figure  10:  Time-averaged  streamwise  vorticity  gener¬ 
ation  by  shear  stress  contribution  near  inner  duct  re¬ 
gion,  +/-  indicate  sign  of  vorticity  production 


Figure  11:  Time-averagei  streamwise  vorticity  genera¬ 
tion  by  normal  stress  contribution  near  inner  duct  re¬ 
gion,  +/-  indicate  sign  of  vorticity  production 
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ABSTRACT 

Turbulent  boundary  layers  with  density  variations  have 
been  generated  by  tangential  injection  of  air  or  helium 
into  a  boundary  layer  of  air-helium  mixtures. 
Measurements  at  58  (8:  Boundary  layer  thickness)  show 
that  the  fine  structure  of  the  wall  turbulence  is 
significantly  affected  by  large  density  variations.  In 
particular,  it  has  been  found  that  ejection  type  events  are 
considerably  enhanced  when  helium  is  injected  at  the  wall. 
In  this  case,  the  boundary  layer  is  out  of  equilibrium  near 
the  injection  slot  due  to  the  large  density  differences. 
Relaxation  to  an  asymptotic  state  is  much  slower  for  the 
high-order  moments  than  for  the  mean  values  of  turbulent 
density  and  velocity.  This  result  is  surprisingly  observed 
in  the  near-wall  region. 


INTRODUCTION 

Turbulent  flows  with  strong  density  differences  occur  in  a 
number  of  practical  situations  including  premixed 
combustion  over  a  strongly  heated  wall,  the  re-entry 
phase  of  a  space  shuttle  into  the  atmosphere  or  the 
cooling  of  turbine  blades  by  tangential  injection. 
Although  a  number  of  well  conducted  studies  exist  on  this 
topic  (LaRue  and  Libby  1980,  Cheng  and  Ng  1985, 
Wardana  et  al  1992,  1995)  several  questions  concerning 
the  detailed  structure  of  the  near  wall  turbulence  remain 
unanswered.  That  is  the  case  for  instance  when  the 
mechanism  generating  the  overall  turbulent  heat  transfer 
is  considered.  Several  investigations  have  converged  to 
the  observation  that  the  heat  transfer  coefficient  is 
independent  of  wall  flux,  even  when  the  former  is  quite 
strong  and  enhances  the  ejection  of  low  momentum  fluid 
near  the  wall  into  the  inner  layer  (Wardana  et  al  1995). 
The  mechanism  that  compensates  this  phenomena  and 
maintains  unaffected  the  overall  heat  transfer  mechanism 
is  still  not  clear.  The  aim  of  the  present  investigation  is 
to  provide  further  experimental  data  obtained  in  a 
turbulent  boundary  layer  subject  to  strong  density 


differences  Ap  in  order  to  contribute  to  the  understanding 
of  these  complex  non  equilibrium  flows. 


DEFINITIONS,  EXPERIMENTAL  SET-UP  and 
DATA  REDUCTION 

Density  differences  are  generated  by  injecting  different 
gas  mixtures  (air-helium)  to  the  wall  in  a  pressurized  wind 
tunnel  described  in  detail  in  Harion  (1994).  The  present 
results  were  obtained  at  atmospheric  pressure. 
Simultaneous  measurements  of  the  density  p(t)  and  the 
velocity  u(t)  are  performed  by  means  of  an  interfering 
probe.  The  calibration  procedure  as  well  as  the  details 
concerning  the  frequency  response  of  the  probe  together 
with  first  order  statistics  of  fluctuating  streamwise 
velocity  and  density  may  be  found  in  Harion  et  al  (1997). 
The  measurements  were  performed  at  several  distances  x 
from  the  injection  slot  in  the  entire  boundary  layer.  The 
closest  point  to  the  wall  was  y+=20  (+  indicates  variables 
non  dimensionalized  with  local  shear  velocity  uT  and 

viscosity  v).  The  accent  here  is  mainly  put  on  the 
characteristics  obtained  in  the  inner  layer.  The 
experimental  conditions  are: 

External  flow:  p„  =  1  kg/m3,  IL  =  6  m/s; 

Injection  of  pure  air  (pinj  =  1.2  kg/m3)  or  pure 
helium  (pinj  =  0.16  kg/m3)  through  a  slot  of  height  3mm 
with  a  bulk  velocity  Uinj  =  2  m/s. 

At  x  =  100  mm  from  the  injection  slot:  Boundary  layer 
thickness  8  =  20.5  mm.,  Reg  =  6000,  uT  air  =  0.24  m/s, 
ut  He  =  0.29  m/s.  Record  length  Tr  =  3500  8/U°o. 

RESULTS 

High  order  statistics 

Previous  results  have  shown  that  the  rms  of  the 
streamwise  velocity  is  not  significantly  affected  by  the 

presence  of  Ap  =  pinj  -  p™,.  This  is  no  more  the  case  when 
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the  higher  order  statistics  are  considered.  Figure  la 
compares  the  distribution  of  the  skewness  of  u’  obtained 
with  injection  of  helium  and  air  at  x/8  =  5  downstream  of 
the  injection  slot,  with  the  DNS  data  of  Kim  et  al  (1987) 

in  the  canonical  (Ap  =  0)  turbulent  boundary  layer.  It  is 
-r  —5  3/2 

seen  that  u  /  u  is  significantly  lower  and  negative  in 
the  low  log  layer  (y+  <100)  when  Ap  <  0  (injection  of 
helium)  while  the  skewness  factor  is  quite  similar  to  the 
results  given  by  DNS  in  the  case  of  small  Ap  >  0.  This 
shows  that  the  ejection  like  motions  with  u'<0  are 
intensified  when  Ap  <  0.  The  skewness  of  the  density 
fluctuations  is  even  more  interesting  (Fig.  lb).  The 

structural  parameter  p’3  /  p'2  is  strongly  negative  once 
y+  >  50  ,  i.e  in  the  constant  shear  region  when  helium  is 
injected  at  the  wall.  The  density  gradient  dp  Id y  is 
positive  in  this  case.  According  to  a  reasoning  similar  to 
Prandtl,  a  fluid  particle  coming  at  yf  from  y;  <  yf  and 
keeping  its  initial  density  will  cause  a  density  fluctuation 
P’  ~  p(yO  -  p(yr)  ~  -  dp  /dy  (yr-yd  <0  and  by  the  same 
reasoning  a  fluctuating  streamwise  velocity  u’<0  too.  Now 
since  the  inner  layer  is  in  majority  under  the  influence  of 
ejection  u'<0  type  events  (which  correlate  with  p'<0) ,  it  is 
not  surprising  to  find  Sp’  <0  at  y+>  30.  What  is  striking, 

— r  ,^3/2 

in  return,  is  the  high  absolute  values  of  p  ip 
observed  in  the  low  logarithmic  zone  and  showing  a 
strong  coupling  of  flow  structures  with  imposed  density 
differences. 

The  Prandtl's  model  let  us  to  suppose  a  similarity  bet¬ 
ween  the  dynamic  behaviour  of  the  density  and  wall  nor¬ 
mal  v'  fluctuations.  We  compared  Sp'  with  Sv’  of  the  cano¬ 
nical  layer  (not  shown  here)  in  order  to  test  this  hypothe¬ 
sis.  We  noted  a  good  correspondence  between  these  quan¬ 
tities  in  the  case  of  air  injection.  It  may  be  argued  there¬ 
fore  that,  since  the  density  gradient  in  this  situation  is 
quite  low,  p'  behaves  like  a  passive  scalar.  In  the  presence 
of  relatively  strong  density  gradient  with  helium,  in 
return,  the  skewness  of  p'  differ  considerably  from  SV'  . 
Therefore,  the  density  is  no  more  passive  and  interacts 
strongly  with  the  fine  structure  of  the  wall  turbulence. 

We  compare  in  Fig.  2a  the  skewness  of  u'  when 
3p/dy>0  with  the  results  of  Wardana  et  al.  (1992) 
obtained  over  a  strongly  heated  wall.  Both  profiles 
coincide  qualitatively  well  showing  the  qualitative 
similarity  between  these  flows.  The  agreement  can  not  be 
more  than  qualitative,  since  the  density  gradients  are 
significantly  different  in  the  two  investigations.  The 
streamwise  gradient  dp  /3x  =  0  over  the  heated  wall  in  a 
fully  developed  turbulent  layer.  Furthermore,  the  wall 
normal  gradient  is  related  to  dT  /dy  (where  T  stands  for 
temperature)  and  dT+  Id y+  =  1  in  the  conduction  sublayer 
while  dT+  Id y+  =  A/y+  in  the  constant  flux  zone.  The 
phenomena  investigated  in  the  present  study  deal  with 
near  wall  relaxation  and  the  streamwise  gradient  dp  /dx  is 
not  negligible  near  the  injection  slot.  Furthermore,  the 
gradient  dp  Id y  is  almost  constant  in  the  entire  inner  layer 
and  dp  /dy  =  0  at  y=0  because  of  impermeability.  Fig.  2b 

shows  d(p/poo)/dy+  in  the  developed  zone  at  x/8  =5  and  the 
density  gradient  over  the  heated  wall.  The  strong 
differences  of  d(p/p=»)/dy+  between  the  two  cases  at  y+<50 
strengthen  the  discussion  above. 


The  fine  structure  of  the  near  wall  turbulence  is  indeed 
closely  linked  with  the  density  gradient.  The  energy 
equation  in  the  presence  of  density  differences  contains 


the  term  A=l  — v'  !^-L  which  may  be  interpreted  as  the 

pay  2 

contribution  of  the  density  gradient  to  turbulent 

,  — y  3/2  dp 

convection.  It  is  seen  that  A-^Sv'v  —  where  Sv'  is 

p  dy 

the  skewness  of  the  wall  normal  velocity.  In  a  canonical 
wall  layer,  SV'  ~  0.3  and  v'+  -  1  .  Therefore  A  —2^-  — uT3. 


p  dy 

One  may  compare  A  with  the  major  production  term 

— “ “ “  du  n  - 

B=-u'v’ — .  In  the  constant  shear  region,  B+~-^=A 

dy  y+ 


Consequently,  —  -  10 — .  Near  the  injection  slot, 

b  P  dy 

A/B  -0.3  in  the  present  investigation  and  this  particular 
effect  of  density  gradient  may  not  be  neglected.  At  x/8  = 
5,  however,  A/B  -  0.02.  Thus,  the  large  negative  values  of 

u'3/u'2  may  not  be  explained  by  this  kind  of  local 
effect.  The  persistance  of  negative  skewness  downstream 
of  the  injection  slot  is  presumably  due  to  a  particularly 
slow  relaxation  of  the  near  wall  turbulence  or  through 
other  mechanisms  which  could  not  be  elucidated  yet. 

The  skewness  of  the  temperature  fluctuations  Se'  reported 
by  Wardana  et  al.  (1992)  have  to  be  compared  with  the 
skewness  of  the  concentration  Sc'  rather  than 

S,  =  -p,3/V  sgn(dp  /dy).  Indeed,  the  equation 
governing  the  instantaneous  scalar  c(t)  =  C  +  c’(t)  is 


P 


— =— — (oc  — )  .  This  relationship  is  approximately 
Dt  dx,c  dt 


similar  (although  not  identical)  to  the  energy  equation 


governing  0  =  6  +0’(t) .  Figure  3a  shows  that  the  profiles 
of  Sc'  obtained  here  are  in  global  agreement  with  Sq'  over 
the  heated  wall  in  the  buffer  layer.  Large  departures 
between  these  quantities  are  however  noticeable  in  the 
constant  shear  region.  It  is  asked  here  if  the  differences  in 
density  gradients  (Fig.  2b)  are  sufficient  to  explain  this 
discordance. 


The  distributions  of  the  flatness  of  both  u'  and  p’  in  the 
inner  layer  (not  shown  here)  are  found  similar  suggesting 
that  the  intermittency  mechanism  is  not  significantly 
affected  by  Ap.  We  further  compared  the  distribution  of  the 
flatness  Fp>  with  FV',  in  order  to  test  once  again  the 
supposed  similarity  between  the  fine  structure  of  wall 
normal  velocity  and  density  fluctuations.  These  profiles 
are  shown  in  Fig.  3b.  It  is  seen  that  p'  is  slightly  less 
intermittent  than  v'  at  y+>  15  and  that  the  correspondance 
is  acceptable.  Note  however  that,  the  measurements  in  the 
viscous  sublayer  wherein  v'  is  strongly  intermittent  are 
needed  before  drawing  a  final  conclusion  on  this  aspect. 


Conditional  analysis 

Fig.  4a  shows  the  quadrant  distributions  of  p'  and  u' 
obtained  at  y/8  =0.25  and  x/8  =0.5.  It  is  seen  that  p'-u'  is 
oriented  from  quadrants  2-4  when  Ap>0  (air  injection)  and 

from  quadrants  1-3  when  Ap  <0.  This  is  in  agreement  with 
the  distribution  of  the  correlation  coefficient 
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p'u'/  V p'2  V u'2  which  is  positive  or  negative  depending 
upon  the  injection  of  lighter  or  heavier  fluid  at  the  wall 
(Harion  1994).  The  data  is  further  analyzed  by  means  of  a 
conditional  analysis  similar  to  that  given  by  Wardana  et 
al  (1995).  The  large  excursions  of  a  quantity  q'  are 
determined  by  : 

V  X  (s+.-)>  [q’  *  -  <q' *+.->] 2 

q-  +  = - i - 

X(s+,)i 

i 

where  the  subindices  +  or  -  correspond  respectively  to  the 
ejections  and  sweeps,  <  >  denotes  the  conditional  average 
and  S  is  a  detector  function  based  both  on  u'  and  p'.  The 
ejection  phase  is  defined  for  injection  of  helium  as: 

(S+)  j  =1  if  u)  <  -  Yu'u'  and  p’i  <  -  Vp’p’  and  (S+)i  =0 
otherwise. 

The  data  obtained  this  way  (Fig.  4b)  compares  fairly  well 
with  the  measurements  of  Wardana  et  al  (1995)  over  a 
strongly  heated  wall.  Close  inspection  of  the  results 
shows  that  the  ejection  type  flow  is  intensified  when 
lighter  fluid  (helium)  is  injected  into  the  boundary  layer 
and  that,  in  return,  the  sweeps  are  weakened.  This,  too,  is 
in  agreement  with  the  results  of  Wardana  et  al.  Although 
the  correlation  coefficient  between  velocity  and  density 
fluctuations  is  significantly  larger  than  the  -u'v' 
correlation  in  the  inner  layer,  it  was  thought  first,  that 
u'p'  could  be  dynamically  similar  to  -u'v'  through  the 
distributions  of  the  quadrant  contributions.  A  detailed 
analysis  conducted  for  the  reference  case  (injection  of  air 

with  small  Ap  >  0)  has  revealed  that  this  is  not  exactly 
the  case.  Qualitative  agreement  has  been  found  between 
the  contributions  of  the  ejection  and  sweep  type  events 
(Cej ,  CSw  )  when  compared  with  the  canonical  boundary 
layer.  However,  some  quantitative  differences  have  been 
observed  at  y+  >  30,  in  the  ratio  Cej ,  Csw  (see  Tardu  et  al 
1997  for  further  details).  The  hole  analysis  as  described  in 
Willmarth  and  Lu  (1972),  and  performed  by  Cheng  and  Ng 
(1985)  has  also  been  applied  to  the  u’p'  quadrants.  The 
main  result  is  that  the  ejections  occupy  a  larger  area  in  the 
quadrant  3  in  the  case  of  strong  Ap  <  0  in  particular  in  the 
constant  shear  region.  Fig.  5  recapitulates  the 
distributions  of  Cej  vs.  the  hole  size  for  the  reference  case 
and  the  injection  of  helium  at  y+  =  80. 


CONCLUSION 

The  energetic  events  in  the  inner  layer  are  intimately  re¬ 
lated  to  the  presence  of  the  quasi-streamwise  vortices.  The 
rate  of  change  of  cox  vorticity  reads  : 

Dt  p  Dt 

The  term  -u  —  of  this  equation  plays  a  role  which  is 
P  3x 

similar  to  the  stretching  of  vorticity  via  tox— .  When 

dx 

helium  is  injected,  and  during  the  ejections  it  is  likely 
that  the  stretching  of  the  streamwise  vorticity  is 
intermittently  enhanced  by  this  term  and  that  the  quasi- 
streamwise  vortices  are  consequently  reinforced.  Results 

1/2 


concerning  the  quantity  S= 


3u'  2dp' 
,dt)  dt 


(which  is  equivalent  to  the  skewness  of  the  velocity  time 
derivatives  related  to  the  vorticity  stretching  strength) 
are  further  analyzed  in  Tardu  et  al  (1997)  and  seem  to 
strengthen  this  assumption.  Further  results  concerning 
the  conditional  averages  related  to  the  shear  layer  events 
determined  by  an  adapted  version  of  VITA  may  also  be 
found  in  Tardu  et  al  (1997). 
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FIGURE  1:  SKEWNESS  OF  THE  VELOCITY  (a)  AND 
DENSITY  FLUCTUATIONS  (b)  at  x/5=5. 
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FIGURE  2:  COMPARISON  OF  (a)  THE  SKEWNESS  FACTOR  OF  U' AND  (b)  THE  DENSITY  GRADIENT 
WITH  THE  EXPERIMENTS  OF  WARDANA  et  al.(1992) 
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FIGURE  3  a  :  SKEWNESS  OF  THE  FLUCTUATING  CONCENTRATION  WITH  THE  SKEWNESS  OF  TEMPERATURE 

REPORTED  BY  WARDANA  et  al.  (1992); 

b :  FLATNESS  OF  p'  COMPARED  WITH  THE  FLATNESS  OF  WALL  NORMAL  VELOCITY  FLUCTUATIONS  IN  THE 

CANONICAL  LAYER;  x/5=  5  IN  BOTH  CASES. 
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FIGURE  4a :  QUADRANT  DISTRIBUTION  OF  THE  DENSITY 
AND  VELOCITY  DISTRIBUTIONS  aty/5=0.25. 
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■  u'-/u’ 

°  u'+/u'  (Wardana  et  al.  1995)  | 
□  u'-/u'  (Wardana  et  al.  1995) 


FIGURE  4b  :  CONDITIONAL  VELOCITY  CONTRIBUTIONS  WITH  HELIUM  INJECTION. 


FIGURE  5  :  HOLE  ANALYSIS  at  x/8=2.75  and  y+=80. 
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ABSTRACT 

A  relatively  simple  solution  algorithm  for  the  PDF  trans¬ 
port  equation  in  turbulent  variable  density  jets  is  used  to 
calculate  the  statistics  of  the  mixture  fraction  field.  The 
classical  transport  equations  for  the  mean  and  the  variance 
of  the  mixture  fraction  are  solved  as  well  to  compare  the 
two  solution  methods.  Also  the  computed  mixture  fraction 
PDF  with  the  Monte  Carlo  method  is  compared  with  the 
presumed  PDF  based  on  the  first  two  moments  (mean  and 
variance)  using  a  /1-function.  The  two  methods  compare 
favourably,  as  was  to  be  expected  and  it  is  found  that  the 
/1-function  PDF  is  a  good  approximation. 

INTRODUCTION 

Turbulent  combustion  models  all  make  use  of  statistical 
properties  of  the  scalar  field.  In  particular  the  statistics 
of  the  mixture  fraction,  which  is  the  mass  fraction  of  the 
jet  gas,  is  of  great  importance.  For  instance  in  the  lami¬ 
nar  fiamelet  model  for  turbulent  combustion  the  thermo¬ 
chemical  state  is  determined  by  the  mixture  fraction  and  a 
second  parameter  that  accounts  for  non-equilibrium  chem¬ 
istry  (Peters,  1984,  1986).  The  mixture  fraction  statistics 
are  mostly  approximated  by  calculating  the  mean  mixture 
fraction  and  its  variance  by  modelled  transport  equations. 
The  probability  density  function  (PDF)  of  the  mixture 
fraction  is  then  constructed  by  assuming  a  certain  shape, 
for  instance  a  /1-function  with  the  mean  and  variance  as 
parameters.  The  mean  thermo-chemical  variables  are  cal¬ 
culated  using  this  PDF  and  the  (non  linear)  relationships 
that  exist  between  the  mixture  fraction  and  the  instanta¬ 
neous  thermo-chemical  variables.  For  applications  see  for 
instance  Liew  et  al.  (1984),  Fairwheather  et  al.  (1991), 
Sanders  and  Laniers  (1994)  or  Sanders  et  al.  (1997b).  In 
this  way  the  laminar  fiamelet  method  circumvents  the  eval¬ 
uation  of  mean  reaction  rates,  which  is  the  central  problem 
in  turbulent  combustion  modelling. 

Another  type  of  turbulent  combustion  model  is  the  one 
in  which  a  transport  equation  for  either  the  joint  compo¬ 
sition  PDF  (all  considered  species  mass  fractions  and  the 
temperature)  is  solved,  or  the  joint  velocity-composition 
PDF  is  solved  (Pope,  1985,  Hulek  and  Lindstedt  1996). 
Using  this  PDF,  the  mean  reaction  rates  need  no  mod¬ 


elling.  However,  in  the  joint  composition  PDF  model  the 
molecular  diffusion  term  has  to  be  modelled  and  in  the  joint 
composition- velocity  PDF  both  the  molecular  diffusion  and 
viscous  dissipation  terms  have  to  modelled.  These  are  con¬ 
sidered  the  weakest  points  in  the  model.  Also,  in  general 
reduced  chemistry  has  to  be  used  since  the  computational 
expenses  are  proportional  to  the  number  of  species  mass 
fractions  in  the  PDF.  For  hydrogen  flames,  the  complete 
reaction  mechanism  is  sufficiently  small  to  allow  full  chem¬ 
istry  calculations  (Chen  et  al.,  1996).  The  PDF  transport 
equation  can  only  be  solved  in  a  computationally  efficient 
manner  by  using  Monte  Carlo  methods. 

Because  of  the  imperfections  in  the  molecular  diffusion 
models,  the  PDF  method  may  be  regarded  most  applica¬ 
ble  when  molecular  diffusion  is  not  very  important,  such 
as  in  flames  with  slow  chemistry  or  low  Damkohler  num¬ 
bers.  On  the  other  hand,  the  laminar  fiamelet  model,  valid 
for  flames  in  which  fast  chemistry  is  predominant,  treats 
molecular  diffusion  exactly,  including  differential  diffusion 
effects.  But  these  differential  diffusion  effects  are  up  to 
now  not  considered  a  function  of  the  Reynolds  number  of 
the  flame,  which  can  lead  to  problems  when  calculating 
turbulent  hydrogen  flames  (Sanders  and  Gokalp,  1997a). 

Pope  (1982)  solved  the  joint  velocity-scalar  PDF  trans¬ 
port  equation  for  the  self  similar  region  of  a  plane  turbulent 
jet,  the  normalised  cross  stream  distance  being  the  only 
independent  spatial  variable.  Jones  and  Kollmann  (1985) 
computed  a  turbulent  propane-air  jet  diffusion  flame  using 
a  three-variable  scalar  Monte  Carlo  approach  and  a  k  —  s 
turbulence  model.  Chen  et  al.  (1989)  predicted  a  turbu¬ 
lent  methane-air  jet  diffusion  flame  using  the  five-variable 
PDF  method  and  a  second-order  turbulence  model.  Bia- 
gioli  (1997)  compared  the  PDF’s  computed  with  a  Monte 
Carlo  method  to  the  presumed  PDF’s  based  on  the  mean 
and  variance  of  the  mixture  fraction.  A  k  —  e  turbulence 
model  was  used  in  combination  with  a  one  step  chemical 
reaction  described  by  a  reaction  progress  variable. 

In  the  present  work,  the  scalar  PDF  transport  equation  is 
solved  for  turbulent  variable  density  (hydrogen)  jets.  The 
mean  and  the  variance  of  the  mixture  fraction  calculated 
with  the  PDF  method  are  compared  to  their  counterparts 
calculated  in  the  classical  manner,  i.e.,  using  the  transport 
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equations  for  these  variables.  This  comparison  is  meant  to 
quantify  the  differences  that  can  be  expected  when  utilis¬ 
ing  two  different  computational  methods  for  the  same  type 
of  problem.  The  PDF  computed  with  the  Monte  Carlo 
method  will  be  compared  to  the  /^-function  PDF  based  on 
the  classical  mean  and  variance  of  the  mixture  fraction. 
Also,  two  different  models  for  molecular  diffusion,  i.e.  the 
‘Interaction  by  Exchange  with  the  Mean’  (IEM)  model  and 
Curl’s  modified  mixing  model,  will  be  compared.  The  IEM 
model  is  also  called  the  Linear  Mean  Squared  Estimation 
(LMSE)  model  (Dopazo,  1975). 


Numerical  Solution  of  the  PDF  Equation 

Equation  (4)  is  solved  numerically  by  a  fractional  step 
method:  first  the  spatial  terms  are  integrated  (convection 
and  turbulent  diffusion)  and  subsequently  the  molecular 
diffusion  is  integrated  in  time.  In  terms  of  the  parabolic 
solution  algorithm,  the  procedure  is  as  follows.  Given  the 
solution  on  gridline  i,  Pt%J,  the  solution  on  the  next  grid- 
line,  P.+i.j,  is  determined  using  an  explicit  finite  difference 
scheme  for  the  spatial  terms. 

F’i+i  j  —  aPj  +  f’Fj+j  +  cPj-i  (5) 


EQUATIONS  AND  NUMERICAL  METHOD 

A  second  order  turbulence  model  is  used  to  compute  the 
turbulent  flowfield  which  is  based  on  the  model  of  Launder 
et  al.  (1975)  and  it  is  described  and  used  in  Sanders  et  al. 
(1997a,  1997b).  The  numerical  method  used  to  compute 
the  scalar  PDF  transport  equation  is  based  on  the  Monte 
Carlo  method  and  the  concept  of  fractional  steps:  the  spa¬ 
tial  integration  of  convection  and  turbulent  diffusion  is 
followed  by  a  time  integration  of  the  molecular  diffusion 
term.  The  latter  proces  is  computed  by  using  the  method 
of  Chen  (1996).  The  numerical  integration  of  the  convec¬ 
tion  and  turbulent  diffusion  terms  is  performed  following 
Pope  (1981)  and  Jones  and  Kollmann  (1985),  although  the 
present  parabolic  algorithm  does  not  use  a  transformed  ra¬ 
dial  coordinate.  The  Monte  Carlo  algorithm  is  of  a  Eu- 
lerian  type.  It  uses  particles  that  do  not  move  with  the 
velocity  field. 


The  subscript  i  for  P  on  the  right  hand  side  has  been  sup¬ 
pressed.  The  index  j  indicates  the  radial  direction.  Sub¬ 
sequently,  the  molecular  diffusion  term  is  time  integrated 
with  a  time  step  equal  to  the  local  convective  residence 
time  6t  =  6x/U  in  which  6x  is  the  axial  stepsize  and  F  is 
the  local  mean  centreline  velocity. 


Convection  and  Turbulent  Diffusion.  To  eval¬ 
uate  the  coefficients  a,  b  and  c,  the  (spatial)  conservation 
equation  is  written  in  the  non-conservation  form: 


-dP  ,-jr  dP  .-T/d-P  r,  1  d 

p~m+f>u^  +  pV-a7  =  Cd-rTr 


rp- 


.kv"2  dP_ 
dr 


(6) 


Applying  an  explicit  difference  scheme  to  the  spatial  part 
of  this  equation,  one  gets 


Equation  for  the  Scalar  PDF 

The  probability  density  function  P  of  the  scalar  /  (the 
mixture  fraction)  is  governed  by 


dpP  dpUP  1  drpVP 
dt  dx  r  dr 
dp  <  u"\f  =  <p  >  P 
dx 


=  (i) 


1  drp  <  v"\f  = 
r 

d2 


>  P 


dr 


~pw^<x^f  =  <t>>  P) 

with  the  scalar  dissipation  rate 
dxk  dxk 

in  which  V  is  the  molecular  diffusion  coefficient.  Here,  U 
and  V  designate  the  mean  Favre  (density  weighted)  aver¬ 
aged  axial  and  radial  velocity,  respectively,  and  "  denotes 
the  Favre  fluctuation.  The  turbulent  diffusion  terms  are 
modelled  as 


(2) 


PjU i 


(Pn 


(7) 


+ 


1  CdrJJrl/2{p±y"  z)J+J/2 
r3  8r- 

1 


(Pj+i  ~  P3) 


( Pj 


r3  6r 2 

Diffusion  related  coefficients  are  defined  as 
1  /2  (p^v"2)j+i  /2  6x 


F+  = 


6r 2 
,  *■ , 


P,U3 

_  1  Cdr]_1/2(p±v"  2)_,_i/2  8x 
T:  6r2  PjUj 

and  a  radial  convection  coefficient  as 

_  p3  Vj  6x  _  SxVj 
26r  pjUj  2brUj 

so  that  the  discretised  equation  becomes 


(8) 

0) 

(10) 


-P  <  Uk\f  =  <t>  >  P  =  Cdp - —~r— 

£  dXk 

(3) 

P+l  =(1-F+-F_)PJ  + 
(F+  ~  C)  PJ+1  +  (F-  +  C)  P,-, 

(11) 

with  k  the  turbulent  kinetic  energy  and  s  its  dissipation 
rate.  In  parabolic  flow,  axial  diffusion  is  negligible.  The 
modelled  equation  thus  becomes 

such  that  a,  b  and  c  in  Eq.  (5)  become 

a  =  1 -F+-F. 

(12) 

dpP  dpUP  1  drpVP 

dt  dx  r  dr 

(4) 

b  =  F+-  C 
c  =  F-  +  C 

rtl  d  (  _k dP\ 

Cdrdr{rp  £  dr) 

Thus,  a  +  b  +  c  =  1  and  for  stability 
coefficients  a,  b,  c  >  0.  This  restricts 

one  should  have  all 
the  allowable  axial 

-P- 


dtjp 


(<  Xi\f  =  4>  >  P) 


The  constant  Cc t  is  given  the  value  0.18  by  comparing  the 
present  model  to  the  classical  transport  equation  model  for 
the  mixture  fraction. 


stepsize  6x.  The  number  of  particles  to  be  randomly  chosen 
from  the  upstream  gridcells  will  be  Na  =  a  x  Np,  Nb  — 
b  x  Np  and  Ac  —  ex  Np  with  Arp  the  total  number  of 
particles  in  each  gridcell.  The  numbers  Na,Nb  and  Nc  are 
not  necessarily  integers  and  they  are  rounded  to  the  nearest 
integer.  The  rounded  fractions  of  several  steps  in  the  axial 
direction  are  accumulated  and  when  their  values  reach  1  or 
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-1,  this  is  accounted  for  by  adding  or  subtracting  a  particle 
from  the  corresponding  variable  Na,  Nb  or  Nc- 

Molecular  Diffusion.  As  mentioned  previously,  the 
molecular  diffusion  term  is  integrated  in  time  using  either 
the  IEM  or  the  modified  Curl’s  model.  The  IEM  model, 
which  is  deterministic,  can  be  written  as 

<pn(t  +  At)  =  d>n(t)  -  l-C^  (0n(f)-  <}>)  (13) 

where  n  indicates  the  particle  index,  C4  =  2  and  1/r  = 
ui  =  k/e  is  the  mixing  frequency.  All  particles  are  submit¬ 
ted  to  this  process,  which  is  why  it  is  called  deterministic. 

In  Curl's  mixing  model,  which  is  stochastic,  a  frequency 
Tnp  =  t I (C' 4 Nj, ) ,  with  C 4  =  6,  is  defined.  A  probability 
-Pcurlmix  =  AI/tnp  gives  the  probability  of  mixing  between 
two  randomly  chosen  particles  p  and  q.  This  mixing  process 
is  defined  by 

<t>F{t  +  At)  =  <t>q{t  +  At)  (14) 

=  5  (^(0  +  ^(0)  (P*9) 

<pn(t  +  At)  =  <f,n{t), 

n-  1, Np,n  p,n  q 

and  with  a  probability  P  =  1  —  PCUrimix  the  particles  are 
not  mixed: 

<?n(i  +  At)  =  <t>n{i)  (15) 

=  n  =  1, ..,  Np 

The  mean  scalar  dissipation  rate  ej  =  Xf,  which  is  the 
rate  at  which  mixture  fraction  fluctuations  on  the  smallest 
scales  are  smoothed  by  molecular  diffusion,  is  modelled 
by  an  algebraic  expression  based  on  equality  of  scalar  and 
mechanical  time  scales 

*/  =  r2l  (i6) 

The  mechanical  to  scalar  time  scale  ratio  R  = 
(k/s)/(f"2/sf)  has  been  set  to  1  in  this  model.  Sanders 
and  Gokalp  (1997b)  discuss  more  elaborate  existing  trans¬ 
port  equation  models  and  another  algebraic  model  that  not 
relies  on  a  constant  R  across  the  flow  field.  They  conclude 
that  for  turbulent  jet  type  of  flows,  the  algebraic  model  of 
Eq.  (16)  is  sufficiently  accurate. 

Since  the  computational  grid  is  expanding  in  the  radial 
direction,  the  newly  calculated  PDF  P  has  to  be  inter¬ 
polated  on  the  new  grid  line.  Also  here,  the  fractions  of 
particles  are  accumulated  in  the  same  way  as  mentioned 
before. 

RESULTS 

Computations  have  been  performed  with  400  Monte 
Carlo  particles  per  cell,  50  cells  per  grid  line  and  using 
Curl’s  modified  mixing  model,  unless  otherwise  specified. 
The  axial  stepsize  was  approximately  0.005  x  the  local  jet 
halfwidth.  Computations  are  performed  for  hydrogen  into 
still  air  jets  issuing  from  a  nozzle  with  D  =  3.75mm  and 
with  a  mean  jet  exit  velocity  of  100  m/s.  In  the  following 
no  explicit  comparisons  with  experimental  data  are  shown 
because  the  main  objective  is  to  compare  the  Monte  Carlo 
computations  to  the  classical  transport  equation  method. 
The  latter  has  been  extensively  tested  against  experimental 
data  (Sanders  et  al.,  1997a). 

Comparison  of  Scalar  Profiles 

In  Fig.  1  the  centreline  decay  of  the  mean  mixture  frac¬ 
tion  and  of  its  variance  are  shown,  computed  by  the  two 
methods.  It  should  be  noted  that  the  mean  density  in  both 


X/D 

Figure  1:  Centreline  variation  of  the  mean  mixture  fraction 
and  its  variance  for  a  free  turbulent  hydrogen  jet  into  stagnant 
air.  Predictions  with  the  classical  transport  equations  (solid 
lines)  and  with  the  PDF  transport  equation  (dotted  lines). 


Figure  2:  Halfwidth  of  the  mean  velocity  (solid  line)  and  the 
mixture  fraction  in  a  free  turbulent  hydrogen  jet  into  stag¬ 
nant  air.  Predictions  of  the  scalar  halfwidth  with  the  classical 
transport  equations  (dashed  line)  and  with  the  PDF  transport 
equation  (dotted  line). 

methods  was  obtained  from  the  mixture  fraction  computed 
with  the  PDF  method.  Both  methods  agree  relatively  well 
with  each  other.  The  (non-smoothed)  PDF  method  results 
show  the  inevitable  statistical  fluctuations.  These  dimin¬ 
ish  with  increasing  number  of  Monte  Carlo  particles  per 
gridcell,  as  will  be  shown  below.  Fig.  2  shows  the  scalar 
spreading  rates  predicted  with  the  two  methods.  Again 
the  agreement  is  good.  The  scalar  spreading  rate  is  larger 
than  the  velocity  spreading  rate  which  agrees  with  previous 
work  and  experimental  data  (Sanders  et  al.,  1997a).  Fig. 
3  shows  the  radial  profiles  of  the  mean  mixture  fraction 
and  its  variance  at  the  axial  station  x/D  =  50.  Again,  the 
agreement  between  the  two  models  is  quite  good,  but  the 
variance  shows  larger  statistical  fluctuations.  The  same  re¬ 
marks  can  be  made  regarding  the  profiles  at  x/D  —  150, 
see  Fig.  4. 

The  computation  of  the  mean  mixture  fraction  with  the 
PDF  method  does  not  depend  on  the  molecular  diffusion 
model  used.  Therefore,  the  mixture  fraction  profiles  only 
present  a  test  for  the  convection  and  turbulent  diffusion 
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Figure  3:  Radial  profiles  at  x/D  =  50  of  the  mean  mixture 
fraction  and  its  variance  for  a  free  turbulent  hydrogen  jet 
into  stagnant  air.  Predictions  with  the  classical  transport 
equations  (solid  lines)  and  with  the  PDF  transport  equation 
(dotted  lines). 


Figure  5:  Radial  profiles  of  the  mean  mixture  fraction  at 
x/D  =  100.  Predictions  are  made  with  the  classical  trans¬ 
port  equation  method  (solid  line),  the  PDF  method  using 
Curl’s  modified  mixing  model  (dashed  line)  and  the  IEM  mix¬ 
ing  model  (long  dashed  line). 


n/D 


Figure  4:  Same  as  Fig.  3  for  x/D  —  150. 


models  in  the  PDF  method.  They  appear  to  be  quite  sat¬ 
isfactory. 

The  scalar  variance,  which  does  depend  on  the  molecu¬ 
lar  diffusion  model,  is  predicted  relatively  well  using  C’urPs 
mixing  model.  In  Fig.  5  the  mean  mixture  fraction  pro¬ 
files  at  x/D  =  100  predicted  with  the  classical  transport 
equation  method  and  the  PDF  method  using  Curl's  mixing 
model  and  the  IEM  model  are  compared.  The  difference 
between  Curl's  and  the  IEM  model  is  due  to  statistical  er¬ 
rors  since  the  molecular  diffusion  model  will  not  influence 
the  mean  mixture  fraction  profiles  except  by  its  influence 
through  the  mean  density.  This  density  influence  is  small 
at  the  axial  distance  considered.  Fig.  6  presents  the  scalar 
variance  profiles  at  the  same  axial  station,  and  here  the 
difference  will  more  likely  be  due  to  the  different  mixing 
models,  although  statistical  errors  will  evidently  still  be 
present.  Curl’s  mixing  model  agrees  very  well  with  the 
classical  transport  equation  method.  In  Fig.  7  the  centre¬ 
line  evolution  of  the  mean  mixture  fraction  and  its  variance 
are  shown  calculated  with  the  classical  transport  equation 
model  and  the  PDF  method  using  the  IEM  mixing  model. 
The  differences  with  Curl's  modified  mixing  model  are  very 
small. 


Probability  Density  Functions 

Probability  density  functions  predicted  with  the  Monte 
Carlo  method  and  calculated  with  the  presumed  PDF 
method  using  the  0  function  based  on  the  mean  and  vari¬ 
ance  of  the  mixture  fraction  are  now  compared  for  the  ax¬ 
ial  station  x/D  =  50  at  r/D  =  0  (Fig.  8)  and  t/D  =  6.3 
|  (Fig.  9).  In  both  figures,  the  Monte  Carlo  based  PDF 
|  is  compared  with  the  ^-function  that  corresponds  to  the 
>  mean  and  variance  associated  with  the  Monte  Carlo  PDF 
at  the  given  location.  The  Monte  Carlo  PDF  values  have 
been  normalised  to  be  comparable  to  the  0  function  values. 
The  PDF’s  in  both  figures  correspond  well  to  one  another 
which  implies  that  indeed  for  one  dimensional  PDF’s  in  jet 
like  flows,  the  /i-function  is  a  good  approximation. 

Conservation  of  Mixture  Fraction  Flux 

The  flux  of  matter  issued  from  the  nozzle  must  remain 
constant  all  along  the  jet,  i.e. 

/»  OO 

rhf(x)=  /  p(x,r)U(r,x)F(r,x)rdr  =  tiif.  0  (17) 

Jo 

This  flux  based  on  the  mean  mixture  fraction  calculated 
by  the  Monte  Carlo  method  and  by  the  clasical  transport 
equation  method  is  computed  at  each  axial  station.  The 
flux  based  on  the  classical  method  is  indeed  constant  while 
the  Monte  Carlo  flux  shows  statistical  fluctuations  (Fig. 
10). 

The  difference  between  the  Monte  Carlo  based  flux  and 
the  classical  flux  increases  with  increasing  axial  stepsize 
and  with  decreasing  number  of  Monte  Carlo  particles.  An 
increasing  axial  stepsize  leads  to  occurrences  of  negative 
coefficients  a,  b  or  c  in  Eq.  (13),  which  has  to  be  corrected 
for. 

Number  of  Monte  Carlo  Particles 

The  accuracy  of  the  numerical  solution  depends  on  the 
number  of  Monte  Carlo  particles  ( Np ).  The  numerical  er¬ 
ror  e  decreases  as  e  ~  l/^A^.  In  Fig.  11  the  mixture 
fraction  profiles  at  x/D  =  50  with  2000  and  400  particles 
in  each  cell  are  compared.  In  Fig.  12  the  same  compari¬ 
son  is  made  for  the  mixture  fraction  variance.  In  theory  a 
fivefold  increase  of  the  number  of  particles  would  represent 
an  increase  in  accuracy  of  about  a  factor  2.  Indeed,  the 
statistical  fluctuations  with  2000  particles  are  less  visible. 
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Figure  6:  Radial  profiles  of  the  mean  mixture  fraction  vari-  Figure  8:  Probability  density  functions  predicted  with  the 

ance  at  x/ D  =  100.  Predictions  are  made  with  the  classical  Monte  Carlo  method  and  approximated  with  a  /3  function 

transport  equation  method  (solid  line),  the  PDF  method  us-  based  on  the  mean  and  variance  of  the  classical  method 

ing  Curl’s  modified  mixing  model  (dashed  line)  and  the  IEM  x/D  =  50  and  r/D  =  0. 

mixing  model  (long  dashed  line). 


Figure  7:  Centreline  evolution  of  the  mean  mixture  fraction 
and  variance.  Predictions  are  made  with  the  classical  trans¬ 
port  equation  method  (solid  lines),  and  the  PDF  method  using 
the  IEM  mixing  model  (dotted  lines). 


Figure  9:  Probability  density  functions  predicted  with  the 
Monte  Carlo  method  and  approximated  with  a  jj  function 
based  on  the  mean  and  variance  of  the  classical  method 
x/D  —  50  and  r/D  =  6.3. 


CONCLUSIONS 

A  relatively  simple  solution  algorithm  for  the  PDF  trans¬ 
port  equation  in  turbulent  variable  density  jets  has  been 
used  to  calculate  the  statistics  of  the  mixture  fraction.  For 
the  mean  and  the  variance  of  the  mixture  fraction,  the  cor¬ 
responding  classical  transport  equations  were  solved  as  well 
to  compare  the  two  solution  methods.  Also  the  computed 
mixture  fraction  PDF  with  the  Monte  Carlo  method  was 
compared  with  the  presumed  PDF  based  on  the  first  two 
moments  (mean  and  variance)  using  a  /3-function  PDF. 
The  two  methods  compare  favourably,  as  was  to  be  ex¬ 
pected  and  it  appears  that  the  //-function  is  a  good  approx¬ 
imation.  The  Monte  Carlo  computations  however,  show 
the  inevitable  statistical  scatter  and  is  more  demanding 
regarding  computational  resources.  This  is  a  clear  disad¬ 
vantage  when  non-reacting  flows  are  computed.  It  is  very 
beneficial,  however,  to  use  the  PDF  method  in  turbulent 
reacting  flows,  where  the  reaction  terms  are  treated  with¬ 
out  modelling. 
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ABSTRACT 

An  experimental  investigation  of  variable  density  turbulent 
axisymmetric  jets  is  presented.  Helium,  methane,  air  and  CO2 
jets  exhausting  into  a  coflowing  air  are  investigated.  Density 
ratio  Rp  varies  between  7.2  (  helium  into  air)  to  0.66  (C02  in 
air).  The  experiments  are  conducted  with  a  coflow  velocity 
ratio  m=0.075.  Velocity  field  measurements  are  performed 
using  two-component  laser  Doppler  anemometry.  A  Fast 
Fourier  Transform  algorithm  based  on  the  discrete  intervals 
method  is  applied  to  obtain  the  spectral  density  function  ;  the 
integral  time-scale  A„,  the  integral  length-scale,  Lu,  the 
dissipation  rates  of  the  turbulent  kinetic  energy,  (<=„,€„),  and 
also  Kolmogorov  length-scales  (t|u>t1v)  are  deduced.  It  is  clearly 
shown  that  the  axial  evolution  of  these  scales  are  influenced  by 
large  density  variations,  in  the  near-field  and  in  the  far-field  as 
well. 

INTRODUCTION 

The  objective  of  this  study  is  to  gain  a  better  understanding  of 
the  influence  of  density  variations  on  the  structure  of 
turbulence  in  jets,  and  therefore  on  turbulent  mixing  of 
variable  density  jets.  An  experimental  investigation  of  variable 
density  turbulent  axisymmetric  jets  is  presented,  where  the 
velocity  field  measurements  are  performed  using  two- 
component  laser  Doppler  anemometry.  Helium,  methane,  air 
and  CO2  jets  exhausting  into  a  coflowing  air  are  investigated. 
Hence,  the  density  ratio  RP=pe/pj  varies  between  7.2  (helium 
mto  air)  to  0.66  (CO2  into  air).  The  experiments  are  conducted 
with  a  coflow  velocity  ratio  m=Ue/Uj=0.075.  The  jets  discharge 
into  a  large  enclosure  where  the  confinement  effects  are 
negligible  for  the  total  jet  length.  In  the  present  paper,  the 
macroscopic  characteristics  of  the  jets  are  first  presented  to 
confirm  the  global  variable  density  effects  (Sarh  (1990) ;  Sarh 
and  Gokalp  (1991)  ;  Richards  and  Pitts  (1993)  ; 
Panchapakesan  and  LumJey  (1993)  ;  Ruffin  et  al.  (1994)  ; 
Sanders  et  al.  (1996)).  Second,  the  integral  and  dissipation 


time  and  length-scaies  are  presented  with  the  corresponding 
energy  spectral  density  .  We  also  present  the  axial  variation  of 
the  dissipation  rate  of  the  turbulent  kinetic  energy  and  the 
Kolmogorov  length-scale.  The  variable  density  effects  on  these 
structural  characteristics  are  discussed.  The  experimental 
conditions  explored  in  this  study  are  summarised  on  Table  1 . 

EXPERIMENTAL  SET-UP 
The  iet 

Experiments  are  performed  in  a  2  m  high  vertical  wind 
tunnel.  This  enclosure  has  a  square  cross-section,  with  a  width 
of  300  mm  and  a  length  of  1 300  mm.  This  rectangular  chamber 
houses  the  experimental  configuration  as  shown  in  Fig.  1. 
Optical  access  is  allowed  by  large  optical  quality  glass 
windows  (for  laser  beam  transmission  and  light  collection).  A 
fully  turbulent  vertical  pipe  flow  (with  mean  velocity  U,  at  the 
exit  section)  of  helium,  methane,  air  or  CO2,  discharges  into 
the  chamber.  The  diameter  Dj  of  this  pipe  is  7  mm  (giving  a 
L/Dj  ratio  of  80)  and  is  positioned  in  the  centre  of  the  chamber. 
The  chamber  is  high  enough  to  allow  measurements  up  to  100 
diameters.  The  coflowing  stream  of  air  (with  mean  velocity  Ue) 
is  generated  by  a  fan.  To  homogenise  the  coflow,  air  coming 
from  the  fan  passes  through  a  settling  section  and  honeycomb 
structures  (Fig.  2).  Pressurised  gas  bottles  are  used  to  supply 
helium  and  methane  (200  atm)  and  CO2  (50  atm). 

Laser  velocimetrv 

The  flow  field  velocity  characteristics  are  measured  by  a  two- 
colour  laser  Doppler  anemometer,  consisting  of  a  7  W  Argon- 
Ion  laser  source,  ColorBurst  Multicolour  Beam  Separator 
and  the  transmitting  optical  fibre  probe.  The  laser  Doppler 
system  uses  488  and  514.5  nm  wavelengths.  The  light  is 
transmitted  from  the  source  to  the  emission-reception  head  by 
an  optical  fibre. 


TABLE  1  :  EXPERIMENTAL  CONDITIONS 


AX 


FIG.  1  SCHEMATIC  REPRESENTATION  OF  THE 
FLOW  CONFIGURATION 


On  the  reception  side,  the  scattered  light  is  collected  by  a 
receiver,  the  signals  of  which  are  treated  by  ColorLinkPlus  and 
the  automatic  burst  correlator  IFA  755  (Fig.  3).  A  coincidence 
time  of  10  ps  is  used  for  two  component  measurements.  The 
measuring  volume  is  located  310  mm  from  the  transmitting 
probe  head.  The  displacement  of  the  measurement  volume  is 
performed  by  moving  both  the  transmitting  probe  and  receiver 
with  the  same  2D  traversing  mechanism  driven  by  step  motors. 

Seeding  of  the  jet  is  achieved  by  injecting  olive  oil  particles 
upstream  of  the  jet  flow,  with  mean  diameter  between  1  to 
2  pm.  The  particles,  generated  by  a  spray,  pass  through  a 
homogenisation  box  ("cyclone")  and  finally  enter  the  chamber. 
The  coflow  is  also  seeded.  A  collection  hood  is  placed  at  the 
upper  end  of  the  chamber,  which  serves  as  an  exhaust  for  the 
flow  and  the  seed  particles. 

For  the  measurements  of  both  velocity  components,  we  collect 
the  data  with  100  000  samples  per  measurement.  The  time 
between  data  points  is  stored  for  spectral  analysis ;  thus,  each 
data  point  is  tagged  with  a  reference  clock  count.  During 
measurements,  we  try  to  keep  a  constant  coincidence  data  rate 
about  1 5  000  Hz  in  order  to  obtain  representative  information 
for  spectral  analysis  (after  70  diameter,  this  data  rate  fall  under 
10  000  Hz).  Then,  each  data-file  is  re-sampled  at  14  000  Hz. 
An  FFT  algorithm  based  on  the  discrete  intervals  method  is 
applied  to  obtain  the  spectral  density  functions. 


Gas 

Helium 

Methane 

Air 

CO; 

_ Uj(ms'‘) 

40 

40 

40 

40 

Ue(m.s‘‘) 

3 

3 

3 

3 

_ Rp 

7.2 

1.8 

1 

0.66 

m 

0.075 

0.075 

0.075 

0.075 

Re 

2420 

18421 

19231 

34525 

p  (kg.m'3) 

0.167 

0.667 

1.202 

1.815 

v.106  (mLs'1) 

115.7 

15.2 

14.56 

8.11 

RESULTS 

Mean  longitudinal  velocity 

Figure  4  shows  the  centreline  evolution  of  the  moan 
longitudinal  velocity  Uc  for  the  four  gases  using  the  non- 
dimensional  presentation  (Uj-Uey(Uc-Ue).  The  influence  of 
density  is  obvious,  showing  that  light  gases  tend  to  mix  more 
quickly  with  the  coflowing  stream  than  heavy  gases.  The 
normalised  velocity  follows  the  hyperbolic  law, 

(Uj-Ue)_  1  Dj 

(Uc-Ue)  Ku  (X  -  X0)  () 

where  Xo  is  the  virtual  origin  and  Ku  the  centreline  velocity 
decay  rate,  whose  value  is  in  good  agreement  with  the  results 
of  the  literature  as  shown  on  figure  5. 

Turbulent  intensity 

The  centreline  evolution  of  the  longitudinal  and  radial 
turbulence  intensities  are  presented  in  figures  6a  and  6b.  The 
increase  of  u7(Uc-Ue)  is  faster  in  light  gases  than  in  heavy 
gases.  An  asymptotic  value  of  about  0.3  is  reached  for  each  gas 
at  X/Dj=30.  This  value  agrees  well  with  the  results  obtained  by 
Way  and  Libby  (1971)  for  helium  jets  and  with  those  of 
Wygnansky  and  Fiedler  (1969)  for  air  jets.  For  the  radial 
fluctuating  component,  v7(Uc-Ue),  we  found  a  plateau  value  of 
0.22  at  X/Dj  =  30  (see  Figure  6b),  lower  than  the  results  of 
Wygnansky  and  Fiedler,  and  Chua  (1989). 

Turbulent  kinetic  energy 

For  symmetry  reasons  in  axr symmetric  jets  (w’5«v’J), 
turbulent  kinetic  energy  can  be  defined  by  k  =  0.5  (u’H2  v’5). 
The  centreline  variation  of  k  is  presented  in  figure  7.  Note  that 
k  is  normalised  by  the  excess  exit  velocity.  We  see  that  the 
position  of  maximum  k  depends  on  the  density  ratio. 
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(Uj-Ue)/(Uc-Ue) 


uV(Uc-Ue) 


*  Helium,  Re  =  2420 

•  Methane,  Re  =  18421 

D  Air,  Re  =  19231 

12  O  CO,,  Re  =  34525 


0  10  20  30  40  50  60 

FIG.  4  CENTERLINE  VARIATION  OF  THE 
NORMALISED  LONGITUDINAL  MEAN  VELOCITY 

For  light  gases,  this  position  is  near  the  exit  section  of  the  jet 
(X/Dj  =  5  and  X/Dj  =  8  for  helium  and  methane,  respectively). 
For  air  and  CO2,  this  maximum  is  located  further  downstream 
(respectively,  X/Dj  =  10  and  X/Dj  =  12). 

Characteristic  scales 

Spectral  density  function  Spectral  density  functions  of 
the  u-component  on  the  centreline  for  the  air  jet  are  shown  for 
different  downstream  positions  in  figures  8a  and  8b.  The 
excellent  frequency  range  obtained  by  these  experimental 
spectra  is  noteworthy.  With  increasing  X/Ds, .  the  quasi-normal 
Markovian  slopes  of  n'2  and  n'!  disappear  and  the  Kolmogorov 
slope  of  n'M  is  established.  The  same  behaviour  is  also 
observed  for  the  jets  of  other  gases  (see  figures  9a  and  9b). 


* 

_  * 


10  20  30  40 


FIG.  6a  CENTERLINE  VARIATION  OF  u-COMPONENT 
TURBULENT  INTENSITY 

Integral  length-scale  The  clearly  observed  plateau  value 
of  the  velocity  spectra  are  used  to  determine  the  integral  time- 
scales  by  using  the  following  relation  (Hinze  ( 1 975)) 

Au  =lim^4^sM^  (3) 

Ax?  4U* 

Figure  10  shows  the  centreline  behaviour  of  Au  for  each  gas.  In 
the  near-field,  Au  decreases  with  X/Dj,  ,  and  we  obtain  a 
minimum  at  X/Dj  value  where  k  peaks  (see  fig.  7). 
Downstream,  Au  increases  almost  linearly.  For  both  regions,  Au 
ranks  following  the  density  ratio,  with  larger  scales  for  the 
lightest  gas.  The  integral  length  scale  is  deduced  by  using  the 
Taylor  hypothesis  :  Lu,  =  AU.UC  (  see  fig.  11). 


v'/(Uc-Ue) 
0.4 - 


O  Wygnansky& 
Fiedler  (1969) 

A  Radi  (1975) 

O  Soetal.  (1990) 

EH  Panchapakesan  & 
Lumley  (1 993) 

Chassaing  (1994) 
A  Present  study 


*  Helium 


□  Methane 


O  CCX, 


FIG.  5  CENTERLINE  DECAY  RATES 
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FIG.  6b  CENTERLINE  VARIATION  OF  v-COMPONENT 
TURBULENT  INTENSITY 
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W(Uj-Ue)2 


FIG.  7  CENTERLINE  EVOLUTION  OF  THE 
TURBULENT  KINETIC  ENERGY 


La  decreases  with  X/DJ;  for  all  gases.  In  the  near-field,  the 
same  ranking  as  before  is  observed.  Downstream,  X/Dj>20,  the 
variation  of  Lu  is  almost  stopped  and  a  plateau  value  of 
Lu7Dj=0.25  is  obtained.  The  effect  of  the  density  ratio  is 
cancelled  out  by  mixing  at  large  downstream  distances.  In  the 
near  field,  the  increased  mixing  efficiency  of  the  light  gas  is 
therefore  correlated  by  the  presence  of  larger  structures  (Green 
and  Whiteiaw,  1988). 
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FIG.  8b  U-COMPONENT  SPECTRUM  DENSITY 
FUNCTION  AT  THE  CENTERLINE  FOR  THE  AIR 


FIG.  9a  U-COMPONENT  SPECTRUM  DENSITY 
FUNCTION  AT  THE  CENTERLINE  FOR  EACH  GAS  IN 
THE  NEAR-FIELD 


Eu(n) 


FIG.  9b  U-COMPONENT  SPECTRUM  DENSITY 
FUNCTION  AT  THE  CENTERLINE  FOR  EACH  GAS  IN 
THE  FAR-FEELD 


FIG.  8a  U-COMPONENT  SPECTRUM  DENSITY 
FUNCTION  AT  THE  CENTERLINE  FOR  THE  AIR  JET 
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FIG.  10  CENTERLINE  EVOLUTION  OF  THE 


INTEGRALE  TIME  SCALE  Au 
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FIG.  11  CENTERLINE  EVOLUTION  OF  THE  INTEGRAL 
LENGTH-SCALE  IN  U-DIRECTION 


Dissipation  rates  of  the  turbulent  kinetic  energy  and 
the  Kolmogorov  length  scales  To  estimate  Kolomogonn 
length-scales  t|u  and  qv,  we  need  the  dissipation  rates  of  the 


turbulent  kinetic  energy  eu  and  ev.  We  calculate  these  by 
using  the  classical  expression  for  locally  isotropic  turbulence 


n2E,(n)dn 


(4) 


where  i=(u,v).  Figure  12  presents  the  dissipation  spectra  for 
the  lightest  and  the  heaviest  gases  (He  and  CO2)  at  centreline 
positions  where  the  kinetic  energy  k  peaks,  respectively.  Due 
to  the  correct  spectral  representation  of  the  total  frequency 
range  by  the  LDA  measurements,  they  show  the  expected 
behaviour,  so  that  their  integration  provides  the  correct 
dissipation  rates. 


n’.E^n) 


1  10  100  1000  10000 

FIG.  12  U-COMPONENT  DISSIPATION  SPECTRA 


Figures  13a  and  13b  present  the  evolution  of  euD/Uj3  and 
erJD/Uj3  ,  using  logarithmic  scales.  For  the  near-field  region 
(X/Dj<10),  a  rapid  increase  from  the  exit  level  is  obtained.  The 
dissipation  rates  present  a  maximum  located  at  the  same  X/Dj 
values  as  noticed  for  k.  We  note  that  the  dissipation  rate  for  the 
u-component  is  higher  than  for  the  v-component.  Throughout 
the  jet,  the  dissipation  rate  of  k  is  higher  for  lighter  gases.  qu 
and  T]v  are  directly  obtained  from  e  by  the  following  relations  : 

tiu  =  (v/€u)'!'4  (5a) 

Tlv=(v/ev)"4  (5b) 

The  centreline  variations  of  qu  is  shown  on  Figure  14  for  the 
four  gases.  They  rank  following  the  density  ratio,  with  larger 
scales  for  lightest  gas,  and  decrease  strongly  in  the  near-field. 
The  curve  for  the  helium  jet  is  characterised  by  much  larger 
values  and  increases  significantly  in  the  far-field. 

€u  .Dj/Uj3 


0.1  1.0  10.0  100.0 

FIG.  13a  CENTERLINE  EVOLUTION  OF  THE  U- 
COMPONENT  DISSIPATION  RATE 
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FIG.  13b  CENTERLINE  EVOLUTION  OF  THE  V- 


COMPONENT  DISSIPATION  RATE 

tymm) 


FIG.  14a  CENTERLINE  EVOLUTION  OF  THE 
KOLMOGOROV  LENGTH-SCALE  IN  U-DIRECTION 

The  values  of  the  Kolmogorov  length  scales  determined  here 
compare  favourably  with  those  determined  by  Gutmark  and 
Wygnansky  (1976)  in  an  air  jet  with  hot  wire  anemometry. 

CONCLUSIONS 

We  have  presented  experimental  results  on  variable  turbulent 
axisymmetnc  jets,  with  a  density  ratio  Rp  varying  between  7.2 
(helium  jet  in  air  coflow  ),  to  0.66  (CO2  jet  in  air  coflow).  We 
have  determined  the  velocity  field  using  two-component  laser 
Doppler  anemometry.  To  obtain  the  spectral  density  functions, 
an  FFT  algorithm  based  on  the  discrete  intervals  method  is 
applied.  Results  reported  herein  show  that  characteristic  scales 
in  variable  density  turbulent  jets  (integral  length-scale  and 
Kolmogorov  length-scale)  are  strongly  influenced  by  the  large 
density  ratios.  However,  the  results  for  the  helium  jet  may  be 
influenced  by  the  low  value  of  the  Reynolds  number  for  this 
gas.  Experiments  are  ongoing  for  helium  jets  with  comparable 
Reynolds  numbers  as  the  other  gases. 
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INTRODUCTION 

For  variable  density  turbulent  flows,  the  equations  of 
mass,  momentum  and  thermodynamic  budgets  are 
interlinked.  In  the  jet  configuration,  specific  features  such 
as  the  ability  to  develop  self-sustained  instabilities 
(Monkewitz  et  al.,  1990)  or  a  strongly  enhanced 
entrainment  rate  (Thring  and  Newby,  1952  ;  Ricou  and 
Spalding,  1961)  when  the  jet  fluid  is  lighter  than  the 
ambient  one  may  appear.  In  flows  considered  herein, 
density  variations  may  result  from  heat  and/or  mass 
exchanges,  but  such  a  configuration  is  also  important  for 
flows  with  combustion.  In  addition,  there  are  numerous 
applications  in  pollution  and  environmental  problems, 
plasma  torches,  jet  engines,  etc. 

Over  the  last  years,  most  of  the  experimental  studies 
have  been  concerned  with  quantifying  the  influence  of 
density  variations  on  the  axial  evolutions  of  mean  and 
rms  values  of  the  velocity  and  concentration  fields,  or  on 
the  flow  spreading  rate  (e.g.  Birch  et  al.,  1978  ;  Richards 
and  Pitts,  1993).  More  recently  (Panchakapesan  and 
Lumley,  1993  ;  Djeridane  et  al.,  1996),  detailed  budgets 
of  Reynolds  stresses  have  been  obtained,  showing  that 
the  influence  of  density  is  rather  small  once  the  jets  have 
reached  their  self-similar  behaviour.  However,  this 
behaviour  is  attained  for  a  station  much  closer  to  the 
nozzle  when  the  gas  is  lighter  than  the  ambient  fluid.  As 
far  as  turbulence  characteristic  scales  are  concerned,  the 
most  detailed  results  are  those  reported  by  Ruffin  et  al. 
(1994),  showing  that  the  exit  momentum  flux  M:  is  the 
main  parameter  governing  the  centerline  scale  behaviour 
in  the  far-field  region.  Obviously,  detailed  statistics 
associated  with  scale  distributions,  such  as  velocity 
spectra  or  velocity  structure  functions,  are  required. 
Indeed,  for  instance,  they  would  be  of  great  help  for 
developing  well-suited  subgrid-scale  models  for  large 
eddy  simulations  of  variable  density  flows. 


The  objective  of  the  present  work  is  to  investigate  the 
influence  of  parameters  such  as  the  initial  density  ratio  R 
(=  pj  /  pa,  where  p;  and  pa  denote  the  jet  and  ambient 
densities  respectively)  or  the  Reynolds  number  Re: 
(=  UjDj  /  vj,  where  Uj,  Dj  and  Vj  denote  the  jet  exit 
velocity,  diameter  and  viscosity  respectively).  Results 
reported  herein  concern  velocity  spectra  and  third-  and 
fourth-order  velocity  structure  functions  obtained  in  air 
and  helium  (R=0.14)  jets  using  laser-Doppler 
anemometry  as  well  as  hot-wire  anemometry  when  this 
technique  is  tractable. 


EXPERIMENTAL  SETUP  AND  SPECTRAL 
ESTIMATION  METHODS 

The  facility  (e.g.  Djeridane  et  al.,  1996)  consists  in  a 
fully  developed  turbulent  vertical  pipe  flow  of  pure  air  or 
pure  helium  discharging  into  ambient  air  in  a  slightly 
confined  configuration  (mean  velocity  Ua  =  0.9  m/s,  square 
section  285x285  mm2). 


Gas 

Uj 

(m/s) 

Rej 

R=Pj/pa 

Frj 

He 

32 

7000 

0,14 

643 

Air 

12 

21000 

1 

— 

He 

55 

12000 

0.14 

1900 

Air 

4 

7000 

1 

— - 

Air 

7 

12000 

1 

— 

TABLE  1.  EXPERIMENTAL  CONDITIONS  FOR 
THE  SAME  Mj  (2  FIRST  LINES)  AND  THE  SAME  Rej. 


with  Fr.= — : - ,  the  Froude  number. 

Dj|Pj-Pa  g 


12-18 


FIGURE  1.  SPECTRA  FOR  THE  LONGITUDINAL  VELOCITY  (a)  AND  ITS  STREAMWISE  DERIVATIVE  (b). 


In  the  basic  nominal  configuration,  jets  are  compared 
at  the  same  Mj  (resulting  in  the  same  ratio  M:/Ma  since 
Ma  is  the  same  for  all  configurations)  so  that,  for  air  and 
helium  respectively,  U:  is  then  12  m/s  and  32  m/s  while 
Rej  is  21000  and  7000. 

However,  as  the  Reynolds  number  is  usually  known 
to  influence  spectral  distributions,  measurements  for 
comparisons  at  the  same  Rej  (=  7000  and  12000)  are  also 
reported.  Comparisons  at  the  same  Rej  are  also  important 
for  testing,  at  the  pipe  exit,  the  spectral  resampling 
procedures  since,  for  such  measurements,  pure  helium 
can  then  be  probed  without  any  particular  difficulty  using 
a  single  hot-wire.  Rej  is  then  the  only  parameter 
influencing  turbulence  properties  but  the  air  and  helium 
exit  velocities  are  very  different  (cf.  Table  1). 

Most  of  velocity  measurements  are  performed  with  a 
laser  Doppler  system  (Argon  4W)  fitted  with  fiber  optics 
and  a  Burst  Spectrum  Analyser  operated  by  a  Dantec 
acquisition  software.  A  very  large  sampling  rate  is 
required  for  obtaining  reliable  spectra  so  that  forward 
scatter  was  used  for  the  present  experiments.  The  primary 
and  secondary  flows  are  simultaneously  seeded  using 
silicon  oil  particle  diffusers  (about  1  pm  in  diameter). 
Measurements  with  5  pm  hot  wires  are  separately 
performed  using  a  CTA  system  (overheat  ratio  of  0.8) 
connected  to  an  A/D  converter. 

A  detailed  analysis  of  resampling  techniques  has  been 
previously  performed  (Pietri  et  al„  1996),  showing  that  a 
mixed  method  which  is  a  compromise  between  a  zero 
order  (sample  and  hold)  and  a  one  order  interpolation 
gives  the  most  reliable  results.  The  randomly  sampled 
data  were  also  found  to  be  such  that  the  seeding  particle 
arrival  times  are  approximately  distributed  following  a 
Poisson  distribution.  In  addition,  this  study  confirmed 
that  sufficiently  large  mean  data  rates  DR  are  required 
since  the  equivalent  cut-off  frequency  is  then  DR/2n. 
Indeed,  figure  1  shows  estimated  spectra  F(n)  for 
the  longitudinal  velocity  (normalized  such  that 
j^F(n)dn  =  l)  and  its  streamwise  derivative  (this 
latter  is  inferred  from  n2F(n),  with  n,  frequency).  All 
spectra  on  figure  l.a  are  obtained  from  hot-wire 


measurements.  They  clearly  illustrate  the  strong  influence 
of  the  exit  velocity  Uj  when  they  are  plotted  as  a  function 
of  the  frequency  n.  This  feature  is  very  important  for 
optimizing  the  flow  seeding  and  the  mean  data  rates 
when  performing  laser-Doppler  measurements.  Figure 
1  .b  shows  in  more  detail  the  influence  of  the  resampling 
frequency.  Comparison  with  data  inferred  from  hot-wire 
measurements  (HW)  and  from  the  relation 
F(k)  =  0.6  (kp)‘5/3  exp(-6.5kp)  (1)  (with  k, 
the  wavenumber  and  p,  the  Kolmogorov  length-scale) 
indicates  that  quantitative  agreement  can  be  obtained 
only  within  the  inertial  range  even  though  the  data  rate 
(about  10  KHz)  and  the  resampling  frequency  are  rather 
high.  Therefore,  it  is  not  possible  for  us  to  infer  quantities 
such  as  the  Taylor  micro-scale  X,  p  or  the  isotropic  value 

s  =  15v(<9u/<3x)^  of  the  dissipation  rate  of  kinetic 
energy  from  LDA  measurements.  The  values  of  0.6  and 
6.5  for  the  constants  appearing  in  relation  (1)  are  within 
the  range  of  those  usually  found  for  flows  with  similar 
low  Reynolds  numbers  (based  on  X  and  the  rms  value 
of  velocity  fluctuations,  u'),  R^~20-30,  as  shown  on 
figure  2. 

RESULTS  AND  DISCUSSION 
Velocity  Spectra 

Spectra  for  the  exit  section  are  plotted  on  figure  2 
using  Kolmogorov  dimensionless  scaling.  Centerline 
values  of  quantities  such  as  p  and  R^  were  inferred 
(Pietri,  1 997)  from  the  relations 
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using  the  property  that,  in  a  fully  developed  turbulent 
pipe  flow  (e.g.  Townsend,  1976),  u*/Uj  and  u'/Uj  only 
depend  on  Rej  while  e  Dj/2u*3=2.  Using  that  scaling, 
spectra  for  air  and  helium  which  were  reported  on  figure 
1  as  a  function  of  frequency  n  are  now  remarkably 
similar,  depending  only  on  the  value  of  R^.  When  these 
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(a)  (b) 


FIGURE  2.  VELOCITY  SPECTRA  (a)  AND  COMPENSATED  SPECTRA  (b)  USING  KOLMOGOROV  SCALES 
AT  THE  STATION  X/Dj=0.2  FOR  VARIOUS  REYNOLDS  NUMBERS. 


spectra  are  plotted  with  compensation  by  the  factor 
(kri)5/3  (Fig.  2.b),  it  appears  that  there  is  no  real  plateau 
that  would  be  characteristic  of  an  inertial  range,  but  this 
is  not  a  surprise  considering  these  low  values  of 
associated  with  the  fact  that  the  flow  is  then  that  exiting 
from  the  pipe.  However,  the  value  of  the  maximum  of  the 
curves  is  very  close  to  the  usual  value  of  the  Kolmogorov 
constant  (a'=0.53),  which  is  a  quantitative  check  of  the 
validity  of  relations  (2)  for  evaluating  the  turbulence 
characteristic  scales.  Therefore,  as  expected,  very  close  to 
the  nozzle,  the  flow  properties  only  depend  on  the 
Reynolds  number  Rej. 

At  stations  further  downstream  (X/Dj=15,  Figure  3), 
when  the  helium  and  air  jets  are  compared  for  two  values 
of  the  Reynolds  number  Rej,  the  combined  influence  of 
the  density  ratio  and  the  Reynolds  number  is  then  well 
illustrated,  resulting  on  values  of  R^  as  displayed  on 


figure  3. a.  These  spectra  are  obtained  from  LDA 
measurements,  but  hot-wire  data  obtained  in  the  air  flows 
are  also  included  for  comparison.  Characteristic  scales 
are  then  deduced  from  results  reported  in  Ruffin  et  al. 
(1994).  The  well-known  evolution  of  spectra  with  R^  is 
clearly  visible,  with  a  continuous  widening  towards  low 
wavenumbers  when  R;  increases,  from  the  value  of  1 1 5 
for  air  at  Rej=7000  to  that  of  200  for  helium  at 
Rej=12000.  Tne  influence  of  the  cut-off  frequencies 
resulting  from  the  LDA  mean  data  rates  is  also  shown  to 
influence  these  spectra,  the  attenuation  for  the  helium  jet 
at  Rej= 12000  being  obviously  the  strongest  since  the  exit 
velocity  Uj  is  then  55  m/s.  This  feature  is  quantitatively 
observed  on  the  compensated  spectra  (Fig.  3.b)  where  the 
level  of  the  maximum  of  the  curve  is  almost  equal  to  1 
since  the  cut-off  then  corresponds  to  kr|  about  0.02, 
which  is  right  within  the  expected  inertial  range.  For  the 


(b) 


(a) 

FIGURE  3.  VELOCITY  SPECTRA  (a)  AND  COMPENSATED  SPECTRA  (b)  USING  KOLMOGOROV  SCALES 
AT  THE  STATION  X/D=15  FOR  VARIOUS  REYNOLDS  NUMBERS. 

(*)  Chapman's  data  reported  in  Saddoughi  and  Veeravalli's  (1994)  paper 
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(a)  (b) 


FIGURE  4.  VELOCITY  SPECTRA  (a)  AND  COMPENSATED  SPECTRA  (b)  USING  KOLMOGOROV  SCALES 
AT  THE  STATION  X/Dj=15  FOR  THE  SAME  EXIT  MOMENTUM  FLUX  Mj. 


air  flows,  where  the  LDA  cut-off  is  close  to  kr|  about  0.1, 
the  agreement  between  LDA  and  HW  spectra  is  rather 
good,  in  spite  of  the  LDA  spectra  strong  attenuation  for 
kr|  larger  than  0.1 .  The  level  of  the  maxima  is  then  rather 
close  to  the  value  a -0.53. 

When  the  flows  at  a  downstream  station  such  as 
X/Dj=15  are  compared  for  the  same  exit  momentum  flux 
Mj,  the  Reynolds  numbers  for  the  helium  and  air  jets 
are  then  closer  one  to  the  other  than  when  the  jets  are 
compared  for  the  same  Rej.  In  particular,  R^  for  the  air 
jet  is  significantly  enhanced.  This  induces  an  air  spectrum 
which  is  much  more  developed  towards  low 
wavenumbers  than  those  reported  on  figure  3,  resulting  in 
an  almost  perfect  collapse  (Fig.  4)  of  the  helium  and  air 
spectra  for  the  low  and  inertial  wavenumber  ranges.  For 
larger  wavenumbers  (kq  >  0.04),  the  cut-off  associated 
with  the  mean  data  rate  results  in  a  strong  attenuation  of 
the  helium  jet  spectrum.  Figure  4.b  shows  these  trends  in 
a  more  quantitative  way.  In  particular,  the  level  of  the 
small  plateau  characteristic  of  the  inertial  range  has  a 
value  very  close  to  a -0.53.  Here  again,  good  agreement 
is  obtained  between  the  LDA  and  HW  spectra  for  the  air 
jet,  at  least  for  kq  smaller  than  the  cut-off  wavenumber 
associated  with  the  mean  data  rate.  These  experimental 
results  confirm  the  trends  obtained  analytically  and 
numerically  by  Ruffin  et  al.  (1994),  which  showed  that, 
in  the  asymptotic  far-field  region,  the  Reynolds  number 
R>  and  scales  such  as  X  or  q  only  depend  on  the  exit 
momentum  flux  Mj.  When  fhe  turbulent  jet  is  sufficiently 
developed,  and  this  is  obtained  for  stations  closer  to  the 
nozzle  the  lighter  the  jet  fluid  with  respect  to  the  ambient 
fluid,  all  velocity  spectra  collapse  and  only  depend  on  the 
particular  value  of  R^. 

Velocity  Structure  Functions 

In  order  to  investigate  in  more  detail  the  statistics 
associated  with  the  different  scales  of  the  flow,  figures  5 


and  6  report  the  skewness  S  and  flatness  F  factors  for  the 
velocity  structure  function  8u(r)  =  u(x+r)  -  u(x),  as 
obtained  at  three  different  stations  in  the  air  and  helium 
jets  respectively,  and  for  the  same  Mj.  Separations  r  are 
obtained  from  time  separations  using  Taylor's  hypothesis. 
For  fully  developed  homogeneous  and  isotropic 
turbulence,  and  for  the  present  range  of  rather  small  R^, 
the  distributions  of  S  and  F  should  display  a  plateau  at 
-  0.25  and  a  rather  slow  evolution  about  4  respectively  in 
the  inertial  range,  with  limit  values  of  -  0.45  and  5 
respectively  at  very  small  separations  (e.g.  Monin  and 
Yaglom,  1975  .;  Mydlarski  and  Warhaft,  1996). 

General  good  agreement  can  be  observed  between  the 
LDA  and  the  hot-wire  data  for  separations  r/q  larger  than 
about  2-3  times  the  equivalent  separation  inferred  from 
the  mean  data  rate.  For  values  of  r/q  smaller  than  this 
limit,  F  values  tend  to  be  overestimated  by  LDA 
measurements  :  this  is  resulting  from  the  resampling 
procedure  which  induces  rather  large  errors  as  can  be 
observed  on  figure  Lb  for  instance.  Here  as  well,  the 
equivalent  cut-off  separations  are  pointed  on  all  graphs 
(0.2Dj,  5Dj  and  15D.).  For  both  helium  and  air,  these  cut¬ 
off  separations  are  largest  for  the  station  5Dj  since  the 
Kolmogorov  frequencies  are  significantly  larger  (e.g. 
Ruffin  et  al.,  1994)  in  this  region  where  the  initial  mixing 
layers  reach  the  jet  centerlines,  whereas  the  mean  data 
rates  sligthly  decrease  when  going  dowsntream. 

The  very  low  R;  values  associated  with  the  pipe  exit 
result  in  the  absence  of  any  flat  region  for  the  S  evolu¬ 
tions  in  both  air  and  helium  at  0.2Dj.  However,  as,  in  this 
situation,  Rej  is  equal  to  21000  (R^=40)  for  air  and  only 
7000  (R^=20)  for  helium,  data  for  the  air  inertial  range 
significantly  depart  from  zero,  whereas  data  for  helium 
are  almost  equal  to  zero  even  for  r/q  as  small  as  about  30. 
On  the  contrary,  at  15Dj  in  air  and  5D:  and  15D.  in 
helium,  almost  flat  S  distributions  around  the  value  -  0.25 
can  be  observed  for  r/q  between  30  and  about  100. 
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FIGURE  5.  SKEWNESS  (a)  AND  FLATNESS  (b)  FACTORS  FOR  THE  VELOCITY  STRUCTURE  FUNCTIONS 
IN  THE  AIR  JET.  SYMBOLS  CORRESPOND  TO  LDA  DATA  AND  CONNECTED  SYMBOLS  TO  HW  DATA. 
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FIGURE  6.  SKEWNESS  (a)  AND  FLATNESS  (b)  FACTORS  FOR  THE  VELOCITY  STRUCTURE  FUNCTIONS 
IN  THE  HELIUM  JET.  SYMBOLS  CORRESPOND  TO  LDA  DATA  AND  CONNECTED  SYMBOLS  TO  HW  DATA. 


The  more  rapid  development  of  the  helium  turbulent 
jet  is  clearly  visible  for  the  station  X/Dj=5  where  the 
helium  data  almost  present  a  plateau  at  the  level  of  -  0.25 
whereas  the  air  data  values  are  much  smaller.  It  is  worth 
noticing  that  the  skewness  factor  S  of  velocity  increments 
is  very  sensitive  to  the  local  properties  of  turbulence  for 
inertial  range  scales.  Indeed,  for  very  large  scales,  one 
can  easily  demonstrate  that  S  is  always  equal  to  zero, 
regardless  of  the  value  of  the  velocity  skewness  factor  Su, 
whereas,  for  very  small  scales,  the  limit  value  only  very 
slightly  depends  on  the  Reynolds  number.  In  particular, 
for  the  pipe  exit  section,  Su  is  about  -  0.5  for  both  the  air 
(Rej=21000)  and  helium  (Rej=7000)  flows.  The  flatness 
factor  F  of  velocity  increments  is  a  parameter  which  is 
less  sensitive  to  the  local  turbulence  properties  even 
though  its  large  scale  value  (e.g.  Pietri,  1997), 


_  1  _  3 
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is  directly  related  to  the  velocity  flatness 


factor  Fu.  A  quantitative  study  of  F  data  is  not  reported 
herein,  but  this  quantity  can  be  used  for  testing  small- 
scale  intermittency  models  (e.g.  Antonia  et  al.,  1997).  For 
scales  within  the  inertial  range,  F  undergoes  a  power-law 
dependence  with  an  exponent  very  close  to  -  0.13. 


CONCLUSION 

Results  reported  in  this  paper  confirm  that 
quantitative  information  about  the  scale  distributions  can 
be  obtained  from  LDA  measurements  and  resampling 
techniques,  at  least  over  the  inertial  range.  It  was  shown 
that  once  the  helium  jet  has  reached  its  asymptotic 
regime,  its  properties  associated  with  the  fine  scales  of 
turbulence  are  the  same  as  those  for  the  air  flow  at  the 
same  Mj.  The  present  study  extends  results  reported  by 
Ruffin  et  al.  (1994)  and  more  general  studies  where  it 
was  found  that,  in  the  far-field  region  where  the  turbulent 
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jets  are  fully  developed,  quantities  such  as  second  and 
third-order  moments  of  velocity  practically  do  not 
depend  on  the  initial  density  ratio  R. 

In  particular,  results  reported  herein  show  that  the 
skewness  factor  S  of  velocity  increments  is  a  quantity 
which  is  much  more  sensitive  to  the  considered  stage  of 
turbulence  development  than  velocity  spectra.  Such  data 
can  be  obtained  with  great  accuracy  from  LDA 
measurements  and  usual  resampling  methods. 

The  analysis  of  data  for  flows  at  the  same  Rej 
confirmed  that,  very  close  to  the  nozzle,  turbulence 
characteristic  properties  only  depend  on  Rej  and  not  on 
the  properties  of  the  jet  fluid.  In  fact,  the  main  parameter 
is  R^,  which  will  depend,  at  any  particular  position  - 
except  very  close  to  the  nozzle  on  Rej  and  on  the 
density  ratio  R.  In  the  far-field  region,  the  influence  of 
these  two  parameters  is  expressed  in  terms  of  the 
momentum  flux  Mj.  In  the  flow  development  region, 
further  investigations  are  required  to  better  quantify  the 
combined  influence  of  these  two  terms. 
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ABSTRACT 

Direct  numerical  simulations  where  performed  of  the  tur¬ 
bulent  mixing  of  an  inhomogeneous  density  field  by  an 
homogeneous  velocity  field.  The  density  ratio  between 
patches  of  different  density  is  5,  thus  well  beyond  the  pas¬ 
sive  scalar  situation.  This  low  Mach  number  variable  den¬ 
sity  turbulence  is  then  relevant  to  low  speed  turbulent  mix¬ 
ing  processes.  In  this  paper  the  flow  configuration  is  de¬ 
scribed  along  with  its  statistical  proprieties.  Depending  on 
the  ratio  of  the  velocity  and  density  characteristic  length 
scales,  two  assymtotic  situations  are  identified  that  cor¬ 
respond  to  a  diffusion  and  a  transport  mixing  mode.  A 
pseudo-spectral  method  is  presented  that  is  tuned  to  get 
close  to  the  diffusion  case.  The  Poisson  equation  includes 
the  divergence  of  the  velocity  field  resulting  from  molecular 
diffusion  of  mass.  The  variable  density  case  is  compared 
to  the  constant  density  one  from  the  kinetic  energy  decay 
and  the  statistical  moments. 

INTRODUCTION 

In  any  statistical  approach,  variations  of  fluid  density 
in  a  turbulent  motion  introduce  correlations  with  density 
fluctuations  (d.f.c.).  Such  correlations  can  be  included  into 
macroscopic,  mass  weighted  averages,  as  proposed  and  de¬ 
veloped  by  Favre  (1958,1992),  or  linked  with  higher  order 
moments  based  on  centered  fluctuations,  as  suggested  by 
Chassaing  (1985).  As  shown  in  Chassaing  et  al.  (1994) 
and  Chassaing  (1996),  this  last  proposal  leads  to  physical 
analysis  and  qualitative  understanding  of  specific  density 
effects  in  low  speed,  free  turbulent  shear  flows.  Thus,  to 
improve  numerical  predictions  of  such  types  of  flows,  an 
adequate  modelling  of  d.f.c.  terms  is  required. 

To  study  this  question,  a  specific  flow  configuration  has 
been  imagined  and  analyzed  from  direct  numerical  simula¬ 
tions.  The  physical  situation  is  described  in  section  2  and 
some  major  theoretical  results  are  given  in  section  3.  The 
numerical  simulation  is  introduced  in  section  4  and  some 
preliminary  results  presented  in  section  5. 

THE  FLOW  CONFIGURATION 

In  simple  turbulent  shear  flows,  mean  density-velocity 


products  pUi  compete  with  the  corresponding  density- 
velocity  fluctuations  correlations  p'uj.  The  first  aim  of 
the  present  study  is  to  introduce  a  physical  situation,  al¬ 
though  mainly  conceptual,  where  a  variable  density  mixing 
is  driven  by  a  pure  turbulent  agitation,  so  that  the  mean 
(conventional)  velocity  field  is  zero.  In  this  case,  the  mean 
mass  weighted  velocity  U,(x},  t)  is  : 

U ,  =  p'u'Jp  (1) 

so  that,  as  far  as  turbulent  mass  fluxes  are  concerned,  the 
first  previously  quoted  Favre  averaging  method  becomes 
basically  identical  to  the  second  one  proposed  in  Chassaing 
(1985).” 

The  corresponding  flow  configuration  can  be  referred  to 
as  (variable)  “  Density  Mixing  In  (kinematically)  Homoge¬ 
neous  Turbulence”  (De.M.I.H.T.).  It  can  be  conceptually 
depicted  by  considering  an  unbounded  space  including,  at 
t  <  0,  several  patches  of  different  densities  fluids,  in  ther¬ 
modynamic  and  mechanical  equilibrium  over  macroscopic 
domains  of  characteristic  length  scale,  say  lp.  This  can  be 
achieved  for  instance,  with  two  non  reactive  gases,  with 
the  same  pressure  and  temperature,  or  a  unique,  constant 
pressure,  gas  located  in  macroscopically  distinct  regions  of 
different  temperatures. 

At  t  =  0,  a  pure  turbulent  velocity  is  applied  to  the  whole 
space,  which  is  statistically  homogeneous  and  isotropic,  in¬ 
dependently  of  the  density  inhomogeneity.  It  can  be  char¬ 
acterized  by  the  kinetic  energy  spectrum  and  at  least  a 
velocity  scale  v  and  a  length  scale  i.  For  t  >  0,  this  ag¬ 
itation  induces  a  turbulent  mixing  throughout  the  whole 
space,  forcing  the  homogenization  of  the  density. 

THEORETICAL  ANALYSIS 


The  asymptotic  situations 

Dividing  the  mean  continuity  equation  by  p(/  0)  gives  : 


1  dp 
p  dt 


1  d  ( — ~\ 


which  basically  refers  to  a  time  scales  equilibrium  associ¬ 
ated  with  the  time  evolution  of  the  mixing  process  (L.H.S.) 
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and  the  spatial  inhomogeneity  (R.H.S.).  This  last  one  can 
be  obtained  from  a  velocity  (u)  and  length  scale  (tp)  as¬ 
sociated  with  the  dominant  spatial  inhomogeneity  during 
the  mixing  process. 

Discarding  molecular  effects  in  the  present  discussion, 
two  asymptotic  situations  can  be  introduced,  depending 
on  which  one  of  tp  or  t  is  the  significant  length  scale. 

•  e<t„ 

The  turbulent  agitation  acts  as  a  macroscopic  diffu¬ 
sion  of  “large  blobs”  of  different  densities  fluid.  This 
is  the  situation  which  will  be  studied  in  the  present 
paper; 

•  tP<t 

The  turbulent  agitation  acts  as  a  convective  trans¬ 
port  of  “small  bubbles”  of  fluid  into  an  other  density 
medium,  and  the  topology  of  the  initial  distribution 
of  the  density  could  not  be  ignored. 


so  that,  to  third  order  terms,  the  mean  density  can  be 
developed  as  : 


p(x,t)  = 


+ 


(8) 


c)  Assuming  kinematic  homogeneity  of  velocity  fluctua¬ 
tions  correlations  and  combining  with  the  equation  of  state 
P  —  apC+b,  where  a  and  b  are  constant,  it  follows  from  the 
momentum  and  mass  fraction  equations  that  the  following 
pressure  correlation  is  identically  zero  : 


(9) 


Density  fluctuation  correlations 

Exact  expressions  of  d.f.c.  can  be  obtained,  see  Chas- 
saing  (1996),  using  the  equation  of  state,  for  both  variable 
concentration  or  variable  temperature  binary  mixing.  Re¬ 
stricting  to  second  order  moments,  these  expressions  are 


respectively 

Pi'  _ 

p< 

a 

(3) 

Pla 

Pl'u'i 

1  -  oC 

w_  _ 

Wi 

1 

(4) 

pd12 

pO'u'i 

T 

where  C  =  C  +  7'  is  the  mass  fraction,  T  =  T  +  0',  the 
temperature  and  a  a  constant  parameter  depending  upon 
the  densities  of  the  pure  species.  For  sake  of  brevity,  we 
shall  only  consider  now  the  isothermal  mixing  of  a  two 
components  gas. 

Statistical  properties  of  the  De.M.I.H.T. 

When  the  gravity  field  is  zero,  and  assuming  a  constant 
mean  pressure  field,  the  instantaneous  balance  equations 
of  the  De.M.I.H.T.  of  a  binary  mixture  are  : 


where  r/y  =  iv(2s|j  —  |s'(5,y)  is  the  specific  stress  tensor,  s[j 
the  symetric  fluctuating  strain  tensor  and  s'  its  trace. 


THE  NUMERICAL  SIMULATION 
The  Relevant  equations 

Combining  the  continuity  and  mass-fraction  equations 
in  (5)  gives  that  the  fluctuation  velocity  field  divergence 
s'  =■  V-  u'  is  a  consequence  of  mass  molecular  diffusion  : 

s'  =  -Z>A(ln  p)  (10) 

The  nondimensionnal  form  of  this  statement  is  : 

**  =  -fl£5TA(lnp)*  (n) 

which  means  that  a  high  Reynolds/Schmidt  evolution  is 
asymptotically  solenoidal.  This  situation  falls  under  the 
scope  of  another  paper,  Joly  et  al.  (1997),  and  is  not  con¬ 
sidered  here  since  the  small  scales  resolution  constraint 
does  not  allow  high  Reynolds  simulations.  With  dt  = 
dt  +  u'  •  V  the  material  derivative  and  e  standing  for  (In  p), 
the  solved  continuity  equation  turns,  in  the  general  case, 
into  the  following  advection-diffusion  equation  : 

d,p  =  X>A  q  (12) 

The  momentum  equation  can  be  recasted  in  a  transport 
form  including  previous  conventions  plus  the  gathering  of 
the  viscous  stress  r  and  the  specific  pressure  p'/p  in  a 
global  specific  stress  tensor  er  =  r  —  p'/pl  : 

dtu' =  V- <7  +  Vp  •  <7  (13) 

The  density  gradient  is  seen  to  act  through  the  second  term 
in  the  right  hand  side  of  this  compact  momentum  equation. 
With  w'  =  Vxu'  the  fluctuating  vorticity  field  and  taking 
the  curl  of  (13)  yields  the  vorticity  transport  equation  : 


Due  to  the  peculiarities  of  the  De.M.I.H.T.  situation, 
the  main  following  results  can  be  obtained,  cf.  Chassaing 
(1992)  when  molecular  effects  are  neglected  : 

a)  The  spatial  inhomogeneity  of  the  “Reynolds  stresses” 
pu'u£  acts  as  the  source  term  of  the  momentum  evolution 
equation,  similarly  to  the  mass  flux  for  the  mean  density 
in  the  continuity  equation,  since  : 

dpu[  dpu[u'k 

dt  dxk  (6) 

b)  Taking  the  divergence  of  (6),  and  due  to  the  mean 

continuity  equation,  it  can  be  obtained  that  : 

&P  _  t  m 

dt2  dxidxk  ' 


dtix)  =  (w  •  V)  u  —  -  Vp'  x  Vp  —  s'u'  +  uAu>  (14) 

p 


where  the  following  vectorial  algebra  has  been  used  : 

V  x  (u'  x  u')  =  (w'.  V)  u'  -  (u'-  V)  u'  -  s  V  (15) 

In  the  right  hand  side  of  (14)  and  from  left  to  right 
are  the  vortex  stretching  term,  the  baroclinic  torque,  the 
generation-destruction  of  vorticity  by  fluctuating  dilata¬ 
tion  s'  and  the  molecular  diffusion.  The  baroclinic  term 
is  the  additionnal  torque  that  is  felt  when  an  inhomoge¬ 
neous  mass  field  is  submitted  to  an  acceleration  orthogonal 
to  the  local  density  gradient.  As  such  it  is  expected  to  be 
the  main  responsible  of  the  differences  between  a  constant- 
density  turbulence  decay  and  the  proposed  variable-density 
mixing  turbulence. 
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The  Numerical  Procedure 

The  hybrid  explicit/implicit  scheme  of  Spalart  et  al. 
(1991)  has  been  used  for  the  time  integration.  Let  us  form 
the  temporal  derivative  of  the  density  and  velocity  field  as 


given  by  (12)  and  (13)  : 

dte  =  tfe  +  t*  (16) 

dtu  =  Mu  +  £u  (17) 

with  the  following  non-linear  terms  and  linear  terms  : 

Me  =  -u'Ve  (18) 

Afu  —  u1  x  u>'  —  p1  / pV e  (19) 

ce  =  VAe  (20) 

Cu  =  —  V7r'  -(-  vAu  (21) 


where  7r'  is  the  specific  total  pressure  p1  /  p+u12  / 2.  The  den¬ 
sity  and  velocity  field  are  advanced  together  at  each  sub¬ 
step.  The  reader  is  refered  to  the  original  paper  for  more 
details  on  the  time  integration  wich  is  nearly  third-order 
accurate.  This  choice  was  dieted  by  storage  constraints  and 
a  need  for  a  stable  behaviour  allowing  high  CFL  numbers 
and  an  associated  fast  time  marching. 

The  pressure  contribution  V7r'  between  substeps  s  —  1 
and  s  is  treated  by  the  fractional  step  method  of  Choi  and 
Moin  (1994)  ensuring  a  global  second  order  accuracy.  The 
Poisson  equation  needs  the  divergence  of  the  new  velocity 
field  to  be  estimated.  This  is  done  by  using  (10)  and  the 
updated  local  mass  diffusion  : 

Atd,An',  =  —  (VAq,  +  V  •  u'.)  (22) 

The  calculations  were  performed  using  a  pseudospectral 
method  on  a  2n3  periodic  domain.  Efficient  IBM-tuned 
FFT  libraries  allowed  reasonable  run  durations.  Though 
not  fully  satisfactory,  no  anti-aliasing  was  performed  in 
order  to  preserve  the  Reynolds  number  on  the  963  mesh. 

Initial  Velocity  Fields 

The  initial  conditions  are  set  by  a  three  step  procedure, 
illustrated  on  figure  1,  and  developed  by  Mell  (1994)  which 
intends  to  get  the  maximum  Taylor  Reynolds  number  at 
full  spectrum  decay  for  a  given  resolution. 

1.  the  velocity  field  of  a  constant-density  homogeneous 
turbulence  is  evolved  from  a  random  field  calibrated 
to  a  Batchelor-type  analytical  energy  spectrum  : 

E(k)  =  Ck *4  exp(— 2fc*2)  ,  k*  =  k/k0  (23) 

where  ko  ~  5  sets  the  wave  number  of  the  energy  max¬ 
imum  and  the  initial  integral  length  scale  £  ~  2jr/ko. 
The  coefficient  C  normalize  the  initial  kinetic  energy 
to  3vq/2.  The  resolution  constraint  on  the  smallest 
scales  reads  rjk  ^  2n/n.  It  is  not  strictly  applied 
in  order  to  get  a  full  resolution  at  full  spectrum  de¬ 
cay  despite  the  growth  of  all  length  scales.  Till  this 
point  this  is  the  classical  Orszag  and  Paterson  (1972) 
method.  A  compromise  is  to  set  the  viscosity  at 
v  —  0.028  for  a  963  mesh.  That  is  H\  =  10  when  tur¬ 
bulence  has  reached  full  spectrum  decay  which  marks 
the  end  of  this  first  stage. 

2.  The  second  step  rescales  the  modulus  of  the  Fourier 
coeficients  to  obtain  smaller  length  scales  and  a  higher 
Tl\.  This  operation  respects  the  self-preserving  shape 
of  the  energy  spectrum  : 

E(k)  =  v2£F(k£)  (24) 

which  gives  that  the  new  spectrum  E'  will  behave  as  : 

E'(k)  =  v'2£'F(k£')  =  ~E(k[£'/e\)  (25) 


3.  Then  this  new  field  is  evolved  with  a  lower  initial  vis¬ 
cosity  of  u  =  0.02  which  gives  =  15  at  the  begining 
of  full  spectrum  decay.  This  time  is  considered  here¬ 
inafter  as  the  initial  time.  The  initial  turnover  time 
is  defined  at  that  point  as  t  =  £/v. 

Those  values  of  the  Taylor  Reynolds  number  are  lower  than 
usually  found  in  such  simulations  because  of  the  relatively 
low  resolution  and  a  rigorous  estimation  of  A  at  the  begin¬ 
ing  of  the  self-preserving  decay. 

Initial  Density  Fields 

The  density  field,  represented  on  figure  2,  is  a  bicolor 
three  dimensionnal  chess-like  distribution,  with  sinusoidal 
density  profiles.  The  density  ratio  between  the  density 
extrema  is  Sp  =  Pmax/pmin-  It  measures  the  density  field 
contrast  and  is  set  to  5  for  the  presented  results.  The 
length  scale  of  the  initial  density  inhomogeneity  £„  is  half 
the  cube  width  while  the  velocity  field  integral  length  scale 
is  near  its  fifth. 

This  initial  density  field  corresponds  to  the  situation 
where  the  characteristic  length  scale  of  density  inhomogen- 
ity  is  slightly  larger  then  the  integral  length  scale.  This 
initialisation  gives  an  intermediate  situation  between  the 
two  asymptotic  situations  described  previously.  The  full 
achievement  of  condition  £  £p  is  beyond  our  present 
computational  power. 

FIRST  RESULTS 

Length  scales  and  energy  decay 

The  figure  3  gives  the  kinetic  energy  decay  due  to  dissipa¬ 
tion  by  the  small  scales  and  the  density  variance  decrease 
due  to  mixing  process  by  the  turbulence  plus  molecular 
diffusion.  The  energy  decay  is  exactly  the  same  as  for  the 
constant-density  case  (not-plotted).  During  this  first  stage 
the  mixing  of  the  bicolor  density  field  does  not  result  in  a 
rapid  decrease  of  the  density  variance.  The  time  series  of 
density  2D  slices,  figure  6,  seem  to  illustrate  that  this  stage 
is  dominated  by  the  strainning  of  density  patches  with  a 
rather  slowly  decreasing  density  variance. 

The  mixing  process  can  be  described  by  the  ratio  of  the 
two  characteristic  length  scales.  The  time  evolution  of  this 
ratio  is  presented  on  figure  4  versus  the  non-dimensionnal 
time  t*  =  t£/v.  Let  us  recall  that  the  eddy  turnover  time 
is  calculated  from  the  turbulence  field  when  the  density 
field  is  activated,  i.e  at  the  end  of  the  initialization  pro¬ 
cedure  described  before.  The  integral  length  scale  still  in¬ 
creases  while  the  density  inhomogeneity  length  scale  slighly 
decreases  with  the  mixing  advancement.  Hence,  starting 
from  an  unmixed  situation  where  £p/£  ~  3,  it  can  be  seen 
that  the  density  field  inhomogeneity  length  scale  falls  to 
£p/£  ~  1  within  an  eddy  turnover  time. 

Statistical  point  of  view 

On  figure  5  are  presented  the  successive  probability  den¬ 
sity  functions  of  the  density.  The  initial  distribution  of 
density  gives  a  sharp  peak  on  the  mean  level  (p  =  3)  with 
side-branches  of  extreme  values  and  low  probabilities.  The 
mixing  process  induces  a  narrower  probability  density  fonc- 
tion  but  this  fisrt  stage  is  far  from  the  expected  gaussian 
trend.  Longer  simulations  will  be  necessary  to  get  the  de¬ 
scription  of  that  final  stage.  The  statistics  of  the  velocity 
field  not  presented  here  will  be  detailed  during  the  confer¬ 
ence. 

CONCLUSION 

The  frame  for  direct  numerical  simulation  of  variable 
density  mixing  has  been  described  and  an  original  flow  con¬ 
figuration  proposed.  A  theoretical  approach  has  outlined 
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statistical  characteristics  of  the  variable  density  mixing  in 
kinematically  homogeneous  turbulence.  A  pseudo-spectral 
method  was  used  to  look  at  the  turbulence  decay  of  a  two- 
species  case  with  a  density  ratio  of  5.  The  variation  of 
density  did  not  altered  significantly  the  kinetic  energy  de¬ 
cay.  The  statistics  and  spectral  aspects  will  be  investigated 
from  longer  simulations  in  order  to  analyse  the  relaxation 
of  the  variable  density  turbulence  toward  an  honogeneous 
field. 
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Figure  1:  Spectral  behaviour  during  the  constant  density  ini¬ 
tialization  procedure  within  large-scale  normalization  :  initial 
spectrum  from  (23)  (dot-dashed),  first  evolution  (dotted)  and 
second  run  after  the  recondionning  step  (solid). 


Figure  2:  Initial  iso-density  surfaces  at  intermediate  heavy 
(dark)  and  light  (clear)  levels. 
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Figure  3:  Evolution  of  the  kinetic  energy  (solid)  and  density 
variance  (dotted)  normalized  by  their  initial  levels  versus  the 
non-dimensional  time. 
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Figure  4:  Evolution  of  the  density  to  velocity  integral  length 
scales  ratio  tpft  versus  the  non-dimensionnal  time. 
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Figure  5:  Evolution  of  the  density  probability  density  func¬ 
tion. 


Figure  6:  Slices  of  the  density  field  at  t*  =  0, 1.5  and  3 
constant  y  planes  for  j  =  N/4. 
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ABSTRACT 

A  class  of  recently  developed  explicit  algebraic  stress 
models  for  three-dimensional  turbulent  flows  based  on  ten- 
sorially  quadratic  stress-strain  relations  (Gatski  &  Speziale 
1993)  is  subjected  to  a  systematical  realizability  analy¬ 
sis.  It  is  found  that  these  models,  which  are  of  par¬ 
ticular  interest  for  their  rigorous  derivation  from  linear 
second-moment  closure  models,  tend  to  produce  inappro¬ 
priate  unrealizable  results  even  in  simple  shear  flows.  The 
cause  of  the  defect  is  identified  in  conjunction  with  a  set 
of  realizability-furnishing  constraints  on  the  model  coef¬ 
ficients.  The  emerging  realizable  quadratic  eddy- viscosity 
model  (RQEVM)  shows  encouraging  predictive  capabilities 
for  some  flows  of  practical  interest.  Examples  included  re¬ 
fer  to  the  turbulent  flow  over  a  2-D  hill,  homogeneous  shear 
flow  in  non-inertial  reference  frames  and  rotating  channel 
flow.  The  principal  aim  of  the  paper  is  to  convey  the  rel¬ 
evance  of  the  realizability  principle  to  engineering  turbu¬ 
lence  modelling. 


model  (ASM)  of  Rodi  (1976)  in  the  limit  of  equilibrium 
turbulence,  viz. 


UiUj 


pijk  -  2 Vt  [Sy  +  #>*  (SikWkj  +  SjkWki) 
-A*  (5?-  -  |iy5ffc)]  (1) 


where,  Sfj  =  S,kSkj,  Slk  =  SikSki  etc.  and 


„  =  c*  *!  c*  =  3/3i  (1  +  rf) 

M  e  ’  "  3  +  ^ +  6^(1  + v2) 

and 


(2) 


A  =  (2/3  -  C,/2)/g, 
=  (2  -  C3)/g, 

e  =  (/32n)2/2, 

S=(k/e)(2Slk)3, 


fo  =  (1  -  C*/2)/g, 
V2  =  (PzS)2/ 8, 
g  =  Ci  +  Cs  —  1, 
Sl=(k/e)(-2  W2k)i. 


(3) 


INTRODUCTION 

In  the  past  few  years,  intensified  research  has  taken  place 
to  remedy  the  shortcomings  of  the  linear  eddy-viscosity 
model,  while  retaining  important  numerical  advantages  of 
the  concept.  A  typical  feature  of  these  attempts  is  that 
they  lean  on  constitutive  relations  linking  the  Reynolds 
stresses  to  non-linear  expressions  of  strain-rate  and  vortic- 
ity  components.  Following  a  wide  range  of  different  routes 
such  as  direct  interaction  approximation  ( Yoshizawa  1984) , 
rational  mechanics  (Speziale  1987;  Gatski  et  al.  1993), 
renormalization  group  analysis  (Yakhot  et  al.  1992)  or  the 
realizability  principle  (Shih,  Zhu  &  Lumley  1993),  recently 
reported  investigations  of  complex  turbulent  flows  based 
on  non-linear  eddy-viscosity  modelling  often  displayed  en¬ 
couraging  results  (Abid,  Rumsey  &  Gatski  1995;  Craft, 
Launder  &  Suga  1995).  In  the  authors’  view,  however, 
Gatski  and  Speziale’s  (1993)  tensorially  quadratic  gener¬ 
alization  of  an  earlier  suggestion  by  Pope  (1975)  which 
will  hereinafter  be  referred  to  as  the  GS  model,  is  of  fur¬ 
ther  significance.  Based  on  the  principles  of  rational  me¬ 
chanics,  Gatski  and  Speziale  proposed  a  non-linear  model 
which  constitutes  an  explicit  solution  to  the  algebraic  stress 


The  coefficients  Ci,C2,C3  and  Ca  conform  with  the  linear 
pressure-strain  model  rooted  in  the  GS  model,  viz. 


n,y  =  -2Ciebij  +  C2kSij 

+C3k(bikSkj  +  bjkSk,  -  1 5ijbikSki )  (4) 

—C4(bikWkj  +  bikWkj), 

with, 


Wij 


UiUj  1 

"2F~  3 

1  fdUi.  _  dty 

2  y  dxj  dxi 


(m  +  Wl] 

\dxj  dx, ) 


j  i  U 


m 


whereas  C3  actually  marks  the  production  of  turbu¬ 
lence  energy  over  dissipation-rate  ratio  P/e.  Assuming 
the  second-moment  closure  methodology  to  provide  much 
more  predictive  realism  than  the  eddy-viscosity  concept, 
the  GS  model  seems  to  represent  the  optimal  non-linear 
eddy-viscosity  model  achievable,  for  it  approximates  the 
result  of  the  ASM.  A  major  drawback  of  the  GS  model  is, 
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Figure  1:  Illustration  of  the  building-block  flows  for  the  re¬ 
alizability  analysis:  (a)  plane  shear  flow,  (6)  curved-  and  ro¬ 
tating  shear  flow,  (c)  2-D  &  3-D  irrotational  flow  straining. 


Figure  2:  Variation  of  the  amplification  function  (9)  with  the 
non-dimensional  mean  strain-rate  and  vorticity  parameters  p 
and  0. 
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4.29 
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~Ti 

ft 

~nr 

ft /ft  <  B 

iVft 

LRR 

0.107 

0.14 

0.1 

1.38  >1.36 

1.07 

GL 

2/21 

~v ~ 

2/7 

l/2<2/3 

1/3 

SSG 

0.11 

0.19 

0.18 

1.07C1.34 

0.65 

Table  1:  Summary  of  model  coefficients  and  important  re¬ 
lated  constants  of  the  three  considered  pressure-strain  models 
rooted  in  the  explicit  Gatski  and  Speziale  ASM  (LRR:  Laun¬ 
der,  Reece  &  Rodi  (1975);  GL:  Gibson  &  Launder  (1978); 
SSG:  Speziale,  Sarkar  &  Gatski  (1991)). 


however,  the  inherent  possibility  of  producing  unrealizable 
physical  quantities  like  negative  turbulence-energy  compo¬ 
nents.  Superficially,  the  unrealizability  can  be  traced  back 
to  the  pressure-strain  model,  which  is  rooted  in  the  non¬ 
linear  stress-strain  relation,  as  none  of  the  linear  pressure- 
strain  models  satisfies  the  realizability  principle.  However, 
it  is  unclear  to  what  extent  the  source  of  the  unrealizabil- 
ity  is  translated  in  the  non-linear  eddy-viscosity  framework 
and  whether  it  is  possible  to  remedy  the  defect  within  this 
approach. 

REALIZABILITY  ANALYSIS 
The  realizability  principle  requires  a  turbulence  model 
to  provide  turbulence  quantities  which  always  satisfy  the 
fundamental  physics  of  turbulence.  Particularly,  the 
turbulence-energy  components  should  always  remain  non¬ 
negative  and  the  Schwartz’  inequality  must  be  satisfied 
(Schumann  1977;  Lumley  1978).  In  the  following,  a  set 
of  fundamental  flows,  considered  to  be  relevant  for  flow 
physics  modelling  such  as  plane  and  curved  shear  flows, 
shear  flows  in  non-inertial  frames  and  flows  exposed  to 
strong  irrotational  straining,  will  play  the  pivotal  role  for 
the  realizability  analysis  of  the  GS  explicit  algebraic  stress 
model  (see  figure  1). 

Realizability  of  plane  shear  flow 
The  plane  shear  flow  is  certainly  an  important  exam¬ 
ple  where  a  turbulence  model  should  exhibit  realizability. 
With  attention  directed  to  a  boundary-layer  flow,  it  is  well 
understood  the  presence  of  rigid  walls  attenuates  the  tur¬ 
bulent  fluctuations  perpendicular  to  the  wall  (cf.  figure 
la).  The  corresponding  Reynolds  stress,  however,  must 
not  be  driven  to  negative  values,  viz. 


u\  =  [02*(2SjiW7ia) 

-  ft*  (ftufta  -  |s2fc)]  >0.  (5) 

Substituting  the  eddy-viscosity  ut  by  (2),  and  rearrang¬ 
ing  the  resulting  expression  one  arrives  at 

ft  <  ft  3  -f  8  +  24(ft/ft)26(l  +  8)  1 

ft- A  366(1  +  0)  +  6’  W 

with  8  =  (ftS)2/ 8. 

The  realizability  constraint  is  associated  with  the  mini¬ 
mum  value  of  the  r.h.s.  of  eq.  (6)  which  occurs  in  conjunc¬ 
tion  with  8  approaching  infinity,  thus 


ft  <  2ft  / ft\  _  1  _  „ 
ft  -  3ft  \^ft  J  6 


(7) 


By  reference  to  table  1,  we  can  conclude  that  the  GS 
model  incorporating  either  the  GL  or  SSG  pressure-strain 
model  satisfies  the  realizability  principle  for  plane  shear 
flow.  When  attention  is  drawn  to  the  LRR  pressure-strain 
model,  a  different  picture  emerges.  Here,  the  realizability 
constraint  is  violated,  even  though  only  at  very  large  shear 
rates. 


Realizability  of  curved-  fe  rotating  shear  flow 

The  limitations  of  a  turbulence  model  show  up  as  soon 
as  the  flow  conditions  depart  from  simple  unidirectional 
shear.  For  this  reason,  we  focus  on  the  convex  surface  of 
the  curved  shear  layer  and  the  suction  side  of  the  rotating 
channel  flow,  with  attention  confined  to  the  energy  com¬ 
ponent  u\  perpendicular  to  the  wall  (see  figure  16).  The 
realizability  principle  requires  that  u \  must  not  be  driven 
to  negative  values,  which  yields 


ft  <  3p(36  -  p) 

ft  _  1  +  302  +4/(2  +  p2) 

with  p  =  ±ft(fc/e)|Si2|,  (8) 

0  =  ±2ft(fc/e)|W12|. 

Further  analysis  on  the  global  minimum  of  the  r.h.s.  of 
(8),  yields 


ft  <  r  1 

n  —  J  mai 
P3 


with  /(0,  p ) 


3p(36  -  p) 

1  +  3 02  +  4/(2  +  p2)  K  ’ 


The  evaluation  of  /max,  however,  is  non-trivial.  Fortu¬ 
nately,  the  local  maxima  of  the  amplification  function  ap¬ 
proach  an  asymptotic  limit  for  large  values  of  0  and  p,  as 
indicated  by  figure  2.  In  this  case,  we  can  infer 


(10) 
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Figure  3:  Variation  of  the  realizability  performance  function 
(16)  with  the  non-dimensional  strain  rate  parameter  p. 
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Figure  4:  ^Contour  plots  of  the  predicted  Reynolds-stress 
component  u\  for  the  turbulent  flow  over  a  2-D  hill  measured 
by  Almeida  et  al.  (1993):  (a)  linear/;  —  e  model,  (b)  GS-LRR 
model,  (c)  GS-GL  model,  ( d )  GS-SSG  model,  (e)  present 
RQEVM  proposal. 


which  implies 


/max  =  2.25  at  £  =  1.5.  (11) 

U 

Thus,  the  realizability  constraint  for  the  curved  shear  layer 
and  rotating  channel  flow  requires 


Pi  <  4 
Pa  ~  9' 


(12) 


With  respect  to  table  1  it  is  clear  that  only  the  coefficients 
of  the  GL  model  satisfy  the  realizability  constraint  (12), 
whereas  those  of  the  LRR  and  SSG  variants  result  in  a 
violation.  Moreover,  by  analysing  the  situation  which  is 
most  likely  to  stabilize  turbulence  one  obtains: 


C3  <  2  and  C4  <  2,  (13) 

or  C3  >  2  and  C4  >  2.  (14) 

As  seen  from  table  1,  all  the  GS  model  variants  considered 
satisfy  the  relation  (13). 


Realizability  of  accelerated  flow 
Flow  acceleration  is  another  case  where  turbulence  can 
be  strongly  attenuated.  Here,  the  mechanism  responsible 
for  an  attenuation  of  turbulence  is  characterized  by  irrota- 
tional  straining  rather  than  shear.  The  two  cases  in  point 
are  irrotational  plane  strain  and  axisymmetric  contraction 
of  the  flow  (see  figure  1c).  In  both  cases  the  realizability 
principle  applied  to  the  GS  model  implies  that 


—2vt  j^Sn  -03-  (jhiSn  —  >  0.  (15) 


With  attention  confined  to  the  more  restrictive  2-D  plane- 
strain  situation,  the  realizability  condition  is  finally  ob¬ 
tained  from 


Fx 


Pi  3p(3  ~  p) 

P3  1  +4/(2+  p2) 


<  1  with  p  =  P3S/2  . 


(16) 


The  realizability  performance  function  Fx  for  the  three  con¬ 
sidered  GS  model  variants  is  given  in  figure  3.  As  seen  from 
the  graph,  all  considered  presssure-strain  models  exhibit 
unrealizable  features  even  at  very  moderate  strain  rates. 

Similar  conclusions  emanate  from  the  analysis  of  the  3D 
axissymetric  contraction.  However,  the  models  failure  is 
less  pronounced  than  in  the  plane-strain  situation. 


Clearly,  (17)  is  a  stronger  restriction  on  Pi  and  fl3  than 
the  previous  constraint  (12)  obtained  from  the  rotating 
shear  flow,  which  leads  to  the  first  central  result  of  this 
paper:  The  satisfaction  of  the  realizability  constraint  for 
the  2-D  plane-strain  case  will  also  ensure  the  realizability 
of  the  curved-  and  rotating  shear  flow.  Returning  to  the 
plane  shear  flow,  we  can  draw  a  second  important  conclu¬ 
sion  (assuming  Pi  to  be  positive):  A  generalized  relation 
which  satisfies  the  realizability  principle  for  all  the  basic 
flows  considered  reads 


0  <  <  0.272. 

P3 


(18) 


In  terms  of  the  coefficients  of  the  pressure-strain  model 
(4),  the  general  realizability  constraint  requires 


0  < 


4-3C2 
6(2  -  Cs) 


<  0.272. 


(19) 


Assuming  C3  <  2,  as  confirmed  by  all  the  considered 
linear  pressure-strain  models,  we  can  finally  conclude 


In  conclusion,  the  pressure-strain  correlation  models  of 
GL,  LRR  and  SSG  all  satisfy  the  realizability  requirements 
for  C2  and  C4,  but  fail  in  the  constraint  on  C3.  It  is  inter¬ 
esting  to  note  that  the  Rotta  coefficient  C\  has  obviously 
no  impact  on  the  realizability  constraints  in  the  present 
explicit  ASM  methodology,  which  is  a  major  advantage  of 
the  approach.  Since  the  Rotta  coefficient  exclusively  repre¬ 
sents  the  rate  of  return-to-isotropy  of  the  Reynolds  stresses 
it  has  no  direct  influence  on  the  rapid  term  in  which  the 
Reynolds  stresses  interact  with  the  mean  strain  rate  and 
vorticity.  In  contrast  to  .this,  the  linear  return-to-isotropy 
model  employed  in  most  of  the  baseline  Reynolds-stress 
transport  models  fails  to  ensure  realizability  (Sarkar  & 
Speziale  1990).  Finally,  without  further  elaboration,  we 
would  like  to  emphasize  that  although  the  applied  regular¬ 
ization  of  the  coefficient  C*  in  (2)  inherent  in  the  GS  model 
is  punctiliously  not  appropriate  for  large  strain  rates,  it 
considerably  improves  the  GS  model’s  realizibility. 

Assuming  the  non-linear  eddy-viscosity  model  to  be  of 
k  —  e  type,  the  realizable  quadratic  eddy-viscosity  model 
is  solved  in  conjunction  with  modeled  transport  equations 
for  k  and  e,  viz. 


(21) 


A  realizable  eddy-viscosity  model  (RQEVM) 

A  comprising  realizability  constraint  for  irrotational  dis¬ 
tortion  can  be  derived  from  the  inequality  (16),  viz. 


as 


Pi 

p3 


<  0.272, 


(17) 


3p(3  -  p) 

1  +  4/(2  +  p2) 


w  3.675  at  p  w  3.63. 

max 


De 

Dt 


e 

k 


(CelP  -  Cc2£)  + 


d_ 

dxi 


(22) 


In  view  of  the  final  formulation  of  a  realizable  quadratic 
eddy-viscosity  model  attention  is  confined  to  the  log  layer 
of  a  channel  flow  and  the  (rotating)  homogeneous  shear 
flow  in  equilibrium  state.  Further  analysis  and  numerical 
optimization  (Rung  et  al.  1996)  with  respect  to  these  two 
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building-block  flows  yield  the  following  set  of  coefficients 
entering  the  present  formulation: 

Ci=2.6  C2=0.45  C3=0.37  Ci=0.5 

05=1.98  Cei=1.42  0£2=1.83  p=3.58 


ILLUSTRATIVE  EXAMPLES 

The  first  example  is  concerned  with  the  computation 
of  a  turbulent  flow  over  a  2-D  hill  mounted  on  the  bot¬ 
tom  wall  of  a  channel,  where  experiments  axe  reported  by 
Almeida,  Durao  &  Heitor  (1993).  The  flow  approaches  the 
obstacle  in  a  fully-developed  state,  the  Reynolds  number 
based  on  the  bulk  velocity  Uo  and  height  h  of  the  hill  is 
Re  =  60000,  and  the  channel  width  is  H  =  6.07/i.  The 
numerical  method  is  based  on  the  finite-volume  Navier- 
Stokes  procedure  within  general  body-fitted  coordinates. 
Contours  of  the  cartesian  Reynolds-stress  component  uf  in 
the  surrounding  of  the  hill  predicted  by  the  standard  lin¬ 
ear  k  —  e  model,  and  the  four  GS  model  variants  considered 
are  given  in  figure  4(a-e).  It  is  interesting  to  note  that  the 
results  obtained  from  the  GS  model  variants  entirely  con¬ 
firm  the  foregoing  theoretical  derivations.  In  conjunction 
with  the  LRR  and  SSG  pressure-strain  variants,  the  GS 
model’s  predictive  response  to  the  simultaneous  presence 
of  curved  shear  and  acceleration  upstream  of  the  summit 
does  not  satisfy  the  realizability  principle.  As  distinct  from 
this,  the  GS-GL  model  and  the  present  RQEVM  proposal 
return  realizable  solutions.  Furthermore,  a  closer  obser¬ 
vation  of  figure  4(c)  gives  grounds  for  suspicion  that  the 
GL  variant  would  also  tend  to  drive  the  solution  towards 
unrealizable  results  for  more  sustained  accelerations. 

In  order  to  convey  the  predictive  quality  of  the  flow’s 
gross  characteristics  obtained  from  the  non-linear  models, 
stream-function  contours,  are  given  in  comparison  with  the 
linear  k  —  e  model  and  experimental  data.  As  regards  the 
size  of  the  separation  bubble  illustrated  in  figure  5(a-f), 
the  RQEVM  and  LRR  variants  seem  to  outperform  the 
GL  and  SSG  variants. 

In  the  following,  attention  is  drawn  to  the  assessment 
of  the  model  performance  in  the  log  layer  of  a  channel 
flow  and  the  homogeneous  shear  flow  in  equilibrium  state. 
In  table  2,  the  equilibrium  values,  predicted  by  five  alge¬ 
braic  stress  models  for  a  prescribed  non-dimensional  mean 
strain-rate  parameter  S  =  ( dUi/dX^  k/e)  =  3.1  are  com¬ 
pared  with  experimental  data  of  Laufer  (1951)  for  the  log 
layer  of  a  turbulent  channel  flow.  Examples  included  re¬ 
fer  to  the  realizable  non-linear  model  of  Shih  et  al.  (1993), 
the  three  standard  pressure-strain  models  rooted  in  the  GS 
model  and  the  present  RQEVM  proposal  of  the  GS  model. 
In  general,  all  models  reflect  a  compromise  between  the  two 
pivotal  testcases,  thus  the  rating  for  the  log  layer  should 
be  restricted  to  the  predictive  accuracy  of  the  models  with 
respect  to  turbulent  shear.  Here,  the  present  RQEVM  pro¬ 
posal  and  the  SZL  ASM  return  slightly  higher  values  of  612, 
which  are  in  closer  proximity  to  the  experimental  results 
than  the  other  modelling  practices. 

Further  scrutinizing  of  the  models’  capabilities  results 
from  the  computed  equilibrium  values  for  an  initially 
isotropic  turbulence  subjected  to  homogeneous,  uniform, 
plane  shear  (see  figure  6).  In  table  3,  the  equilibrium 
values  returned  by  the  five  ASM  models  are  compared 
with  experimental  data  reported  by  Tavoularis  &  Corrsin 
(1981).  From  these  results  it  is  clear  that  the  GS-SSG 
model  perfoms  best,  for  it  predicts  the  correct  dimension¬ 
less  equilibrium  strain-rate  parameter  Soo  and  also  con¬ 
stitutes  an  excellent  representation  of  the  Reynolds-stress 
anisotropy  tensor  blJOO .  Despite  the  somewhat  excessive 
level  of  the  normal-stress  anisotropy  component  b  1100  the 
present  RQEVM  proposal  does  a  reasonably  good  job,  par¬ 
ticularly  with  respect  to  Soo  and  &i2oo  • 

Amongst  the  many  issues  of  turbulence  modelling,  the 
accurate  predictive  response  to  streamwise  curvature  and 
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Table  2:  Comparison  of  the  model  predictions  for  a  pre¬ 
scribed  S  with  the  experimental  data  of  Laufer  (1951)  for 
the  log  layer  of  turbulent  channel  flow  (SZL-ASM:  Shih,  Zhu 
and  Lumley  (1993);  GS-LRR:  GS  +  Launder,  Reece  and  Rodi 
(1975);  GS-GL:  GS  +  Gibson  and  Launder  (1978);  GS-SSG: 
GS  +  Speziale,  Sarkar  and  Gatski  (1991);  RQEVM:  GS  4- 
present  proposal). 


Figure  5:  Comparison  of  predicted  and  measured  stream- 
function  contour  lines  for  the  turbulent  flow  over  a  2-D  hill: 
(a)  present  RQEVM  proposal,  ( b )  Measurements  Almeida 
et  al.  (1993),  (c)  GS-GL  model,  ( d )  GS-SSG  model,  (e)  GS- 
LRR,  ( f)  linear  k  —  e  model. 


non-inertial  effects  pose  perhaps  the  biggest  challenge.  The 
curvature  strain  imposed  on  a  shear  layer  has  a  dispro¬ 
portionately  large  influence  on  the  evolution  of  the  shear 
stress  and  the  turbulence  energy.  Therefore  the  extension 
of  the  aforementioned  homogeneous  plane  shear  flow  to 
non-inertial  reference  frames  is  of  significance.  In  figure 
6 (a-d),  the  model  predictions  of  the  five  considered  explicit 
ASM  for  the  time  evolution  of  the  turbulent  kinetic  energy 
are  compared  with  large-eddy  simulations  reported  by  Bar¬ 
dina  et  al.  (1983).  The  calculations  were  conducted  using  a 
Runge-Kutta  integration  scheme.  Results  refer  to  four  dif¬ 
ferent  rotation  rates,  i.e.  fi3/S’  =  -0.5,  f23/S*=  0,  fi3/S'*  = 
0.25  and  fl3/S*=  0.5,  exposed  to  a  common  initial  condi¬ 
tion  eo/{S*  k0)  =  0.296.  Results  obtained  from  the  GS- 
SSG  and  the  RQEVM  are  in  fairly  good  agreement  with  the 
LES  for  all  four  rotation  rates.  Here,  the  primary  difference 
between  the  predictions  and  the  LES  is  restricted  to  the 
early  transient,  where  the  models’  response  to  the  imposed 
shear  is  too  excessive  due  to  the  absence  of  relaxational 
effects.  With  respect  to  the  three  other  non-linear  formu¬ 
lations,  we  recognize  a  disparity  in  the  predictive  accuracy. 
As  opposed  to  their  accurate  predictions  for  f I3/S'  =  —0.5 
and  D3/5*  =  0,  the  SZL  ASM,  GS-LRR  and  GS-GL  mod¬ 
els  fail  to  capture  the  proper  exponential  growth  of  turbu¬ 
lence  energy  for  the  most  unstable  case  f I3/S*  =  0.25  and 
give  rise  to  noticeable  deviations  when  the  flow  approaches 
the  re-stabilizing  regime  at  fi3/S"'  =  0.5.  In  conjunction 
with  the  GS-LRR  and  GS-GL  model  variants,  the  deteri- 
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SZL 

SSG 

LRR 

GL 

RQEVM 

Exp. 

bn 

0.49 

0.20 

0.16 

0.19 

0.28 

0.20 

622 

-0.29 

-0.15 

-0.12 

-0.10 

-0.13 

-0.15 

633 

-0.19 

-0.06 

-0.03 

-0.10 

-0.15 

-0.06 

612 

-0.16 

-0.16 

-0.19 

-0.18 

-0.16 

-0.15 

S 

6.55 

6.02 

5.57 

5.79 

6.04 

6.08 

Table  3:  Comparison  of  the  model  predictions  with  the  ex¬ 
perimental  equilibrium  values  in  homogeneous  shear  flow  mea¬ 
sured  by  Tavoularis  et  al.  (1981). 


Rotation 

SSG 

LRR 

GL 

RQEVM 

Theory 

(Sla/S*), 

-0.07 

-0.08 

-0.07 

-0.04 

0.0 

0.51 

0.34 

0.36 

0.47 

0.5 

(“3/5*  L 

0.22 

0.13 

0.14 

0.21 

0.25 

Table  4:  Comparison  of  the  model  predictions  with  results 
from  linear  hydrodynamic  stability  analysis  in  the  unstable 
regime  of  a  rotating  homogeneous  shear  flow. 


oration  of  the  predictive  accuracy  in  the  unstable  regime  is 
attributed  to  different  degrees  of  Richardson  number  sim¬ 
ilarity  inherent  to  the  underlying  pressure-strain  model 
rooted  in  the  ASM  approach.  To  elucidate  further,  we 
compare  the  result  of  a  fixed  point  analysis  of  the  GS  al¬ 
gebraic  stress  model  variants.  A  straightforward  analysis 
of  the  growth  rate  of  turbulence  energy  (~  S^1)  indicates 
that  the  GS  model  returns  unstable  flow  inside  the  inter¬ 
val  ( Q3/S*)1  <  (H3/5*)  <  (fl3/S,')2,  with  a  maximum 
growth  of  turbulence  kinetic  energy  at  (ft3 /S*)m.  These 
results  are  summarized  in  table  4.  Linear  stability  analy¬ 
sis  (Lezius  &  Johnston  1976;  Speziale  et  al.  1995),  among 
others,  suggests  that  the  uniform  shear  flow  is  unstable 
for  approximately  the  range  0  <  fi3/S”  <  0.5,  where 
the  Richardson  number  is  positive,  with  the  location  of 
the  most  energetic  state  at  (fi3/S‘)m  «  0.25.  Expecting 
the  non-linear  stability  boundaries  to  be  even  somewhat 
broader,  it  is  clear  that  a  major  drawback  of  the  GL  and 
LRR  pressure-strain  models  results  from  a  premature  on¬ 
set  of  re-stabilization  caused  by  a  too  strong  deviation  from 
Richardson-number  similarity.  The  latter  is  illustrated  by 
the  corresponding  bifurcation  diagram,  figure  7,  where  the 
upper  branch  equilibrium  values  of  are  plotted  as  a 
function  of  Q3/S*  for  the  GS  algebraic  stress  models.  In 
conclusion,  both  the  SSG  and  RQEVM  variants  of  the  GS 
model  offer  a  satisfactory  amount  of  consistency  with  hy¬ 
drodynamic  stability  theory  for  homogeneous  shear  flow  in 
a  rotating  frame,  with  the  SSG  variant  performing  best. 
As  opposed  to  this,  the  inconsistent  behaviour  inherent  to 
the  GS-GL  and  GS-LRR  models  erroneously  yields  predic¬ 
tions  of  decaying  turbulence  at  fi3/S*  =  0.5  where  the  flow 
is  still  linearly  unstable  (cf.  figure  6 d).  It  should  be  noted, 
that,  due  to  the  lack  of  an  underlying  second-moment  clo¬ 
sure,  the  SZL  algebraic  stress  model  stands  aloof  from  the 
fixed  point  analysis,  hence  it  is  not  investigated  further. 

The  final  example  to  be  presented  herein  is  a  fully- 
developed  channel  flow  subjected  to  a  constant  spanwise 
rotation  fi3  relative  to  the  inertial  frame  at  Re  =  11500 
and  Ro  =  0.21  (Johnston  k,  Lezius  1972,  see  figure  16). 
The  test  case  represents  a  flow  which  is  not  in  accord  with 
the  equilibrium  turbulence  assumption  rooted  in  the  ASM 
approximation,  hence  a  careful  examination  of  the  applied 
GS  model  variants  is  recommended.  It  was  established  in 
the  study  of  Gatski  et  al.  (1993)  that  the  response  of  the 
GS-SSG  model  and  the  SSG  second-moment  closure  model 
to  this  testcase  are  almost  identical.  By  reference  to  figure 


Figure  6:  Comparison  of  the  GS  model  predictions  with 
large-eddy  simulations  of  Bardina  et  al.  (1983)  for  the  rotat¬ 
ing  homogeneous  shear  flow  (e0/S'*A:o=0.296):  (a)  Q3/S'= 
-0.5,  (6)  n 3/S'  =  0,  (c)  n3/S*=  0.25,  (d)  Q3/S'=  0.5. 


8  it  is  argued  that  all  the  GS  model  variants  return  almost 
the  same  asymmetric  mean-velocity  profile,  which  is  thus 
in  close  proximity  to  the  results  obtained  from  the  SSG 
second-moment  closure. 

CONCLUSIONS 

To  conclude  this  paper,  we  acknowledge  that  the  GL 
pressure-strain  model  rooted  in  the  explicit  GS  ASM  has 
shown  to  outperform  the  LRR  and  SSG  alternatives  in  a 
variety  of  realizability  investigations.  The  GS-GL  vari¬ 
ant  satisfies  the  realizability  principle  for  plane  and  curved 
shear  flows  as  well  as  for  the  irrotational  distortion  of  the 
flow  by  an  axisymmetric  contraction.  The  only  subtle 
failure  of  the  GS-GL  model  emerges  from  the  2-D  plane 
strain  situation.  Contrary  to  the  GS-GL  model,  the  GS- 
LRR  variant  is  afflicted  by  a  variety  of  failures  and  dis¬ 
plays  a  poor  performance  with  respect  to  the  realizability 
principle.  Both,  the  GS-GL  and  GS-LRR  model,  exhibit 
poor  predictive  performance  in  unstable  flow  situations. 
The  GS-SSG  model,  which  is  quite  successful  in  predict¬ 
ing  homogeneous  flows,  tends  to  produce  unrealizable  re¬ 
sults  as  soon  as  the  mean  flow  departs  from  unidirectional 
shear.  The  satisfactory  overall  performance  of  the  present 
RQEVM  shows  that,  in  spite  of  the  popular  view,  adher¬ 
ence  to  the  realizability  principle  does  not,  at  least  in  the 
framework  of  the  explicit  ASM  methodology,  lead  to  an 
overly  biased  model  performing  poorly  in  more  commonly 
encountered  turbulent  flows. 
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INTRODUCTION 

Turbulent  flows  in  non-inertial  reference  frames  are  of 
considerable  interest  in  a  variety  of  industrial  applications. 
However,  the  success  of  a  computational  analysis  of  such 
flow  phenomena  relies  heavily  on  the  choice  of  turbulence 
model.  It  is  well-known  that,  without  some  modifications, 
conventional  isotropic  eddy-viscosity  models  fail  to  pre¬ 
dict  the  effect  of  non-inertial  forces  on  turbulence,  whereas 
second-moment  closures,  for  example,  can  account  for  non- 
inertial  effects  in  a  systematic  way. 

An  explicit  algebraic  stress  model  (EASM)  has  been  de¬ 
veloped  by  Gatski  and  Speziale  (1993)  which  is  a  nonlin¬ 
ear  extension  to  an  isotropic  eddy-viscosity  two-equation 
model.  An  extension  to  this  EASM  which  accounts  for 
dissipation  rate  anisotropies  in  a  systematic  way  and  is  ap¬ 
plicable  to  wall-bounded  flows,  has  been  recently  evaluated 
(Jongen  et  a 1.  1997,  see  also  Xu  and  Speziale  1996),  and  is 
based  on  an  analysis  of  the  exact  transport  equation  for  the 
dissipation  rate  tensor  (Speziale  and  Gatski  1997).  This 
composite  algebraic  stress  model  (CASM)  is  extended  here 
to  include  non-inertial  effects  in  the  determination  of  both 
the  stress  and  dissipation  rate  anisotropies.  The  compos¬ 
ite  model  differs  from  previously  proposed  algebraic  stress 
models  in  two  ways:  dissipation  rate  anisotropies  are  ac¬ 
counted  for  in  the  constitutive  relation  and  the  coefficient 
of  the  production  term  in  the  transport  equation  for  the 
scalar  dissipation  rate  is  now  sensitized  to  the  mean  strain 
and  rotation  rate  tensors. 

The  objective  of  this  study  is  to  systematically  explore 
the  predictive  capabilities  of  explicit  algebraic  stress  mod¬ 
els  in  general  and,  in  particular,  the  composite  model  for 
the  case  of  a  fully  developed  turbulent  channel  flow  with 
strong  spanwise  rotation.  This  effort  is  an  extension  of  pre¬ 
vious  work  in  that  (1)  the  recent  DNS  obtained  by  Lambal- 
lais  et  aj.  (1996)  has  yielded  new  data  for  rotation  numbers 
that  are  higher  than  those  for  the  previous  DNS  study  of 
Kristoffersen  and  Andersson  (1993)  and  (2)  the  equations 
are  integrated  up  to  the  wall,  whereas  most  of  the  previous 
computations  were  limited  to  wall-function  boundary  con¬ 
ditions  that  are  not  suitable  for  (strongly)  rotating  flows 
where  regions  of  relaminarization  can  occur. 


TURBULENCE  MODELS 

The  incompressible,  fully  developed  rotating  channel 
flow  is  a  unidirectional  flow  that  results  in  simplified  ex¬ 
pressions  for  the  mean  flow  in  the  non-inertial  frame.  In 
this  frame,  the  mean  strain  rate  and  rotation  rate  tensors 


Sn  = 


1 

2 


reduce  to 


(  duj  N 

V  dx}  dxi  J  ’ 


Uij  = 


1 

2 


/  0  5  0  \  /  0  S0\ 

Si}  =  -S'  0  0  ,  Uij  =  [  -S  0  0  (2) 

V  0  0  0  J  Vo  0  0/ 

where  S  =  S(y)  and  y  is  the  distance  measured  from  the 
(bottom)  wall  of  the  channel,  as  shown  in  Figure  1. 

The  common  feature  between  linear  and  nonlinear  eddy 
viscosity  models  is  both  require  the  solution  of  only  two 
transport  equations;  an  equation  for  the  turbulent  kinetic 
energy  K 


£  +  D  + 


dy 


and  an  equation  for  the  turbulent  dissipation  rate  e 


(3) 


%  =  c;^-hc:^E+j-y 


where 


vt  =  f^C^Kr ,  r  =  K/e,  (5) 

'P  =  -2ti2S  is  the  turbulent  production,  n2  is  the  Rey¬ 
nolds  shear  stress,  /2  and  / ^  are  wall  damping  functions, 
Cp  is  a  closure  constant,  and  v  is  the  kinematic  viscosity. 

Three  turbulence  models  will  be  evaluated  by  using 
(3)  through  (5):  a  Coriolis-modified  eddy-viscosity  model 
(EVM)  proposed  by  Howard  et  a 1.  (1980);  a  realizable  alge¬ 
braic  stress  model  (ASM)  (Shih  et  a 1.  1995);  and  a  CASM 
that  accounts  for  dissipation  rate  anisotropies  (Xu  and 
Speziale  1996;  Jongen  et  a i.  1997).  These  three  models 
are  distinct  in  the  way  rotational  effects  are  incorporated 
into  their  formulations. 


13-7 


Q. 

2h 

U(  v ) 

©  4 

v 

, 

' 

^  r 

x  vx x 


V  V  XX  V  V  V  XX X 


Figure  1.  Schematic  of  fully  developed  turbulent  channel 
flow  in  a  rotating  frame 


In  the  EVM,  the  non-inertial  modification  is  phenomeno¬ 
logical  and  based  on  an  analogy  with  curved  boundary 
layers.  The  realizable  ASM  model  of  Shih  et  al.  (1995) 
includes  the  effect  of  mean  rotation  and  has  been  tested 
on  rotating  homogeneous  shear  flow.  The  CASM  is  an  al¬ 
gebraic  stress  model  which  is  directly  extracted  from  a  full 
Reynolds  stress  closure  as  well  as  a  transport  equation  for 
the  tensor  dissipation  rate  e,y.  Thus,  the  model  includes 
the  effects  of  an  anisotropic  dissipation  rate  in  a  algebraic 
stress  framework. 

The  Coriolis-modified  eddy-viscosity  model  uses  the 
Boussinesq-type  relation  for  the  Reynolds  stresses: 


bij  —  rS,j , 


(T'j  ~  3  K&ij) 


2  K 


coupled  with  the  relations  to  close  (3)  through  (5): 


D  = 


2vvt 


(6) 

(7) 


/m  =  exp 


Ret 


K^_ 

ve 


(8) 


C;2  =  [C£2  +  1.536SV  (J)  (l  -  (9) 


f2  —  1  —  0.3 exp  [—Re2,) 


(10) 


where  C*  =  CM  =  0.09,  C*j  =  1.44,  Cc2  =  1.92,  c k  =  1, 
cr£  =  1.3,  and  ft  is  the  rotation  rate  of  the  reference  frame. 

The  Reynolds  stress  algebraic  equation  model  (Shih  et 
al.  1995)  is  given  by 

bij  =  -C;rStJ  +  c2T2(SikWkj  -  WikSkj)  (11) 

and 


Wij  —  LOij  -f-  ftrn  —  (0,  0,  ft) 

where  for  this  unidirectional  shear  case 

a/1  -  18C; 
c2  = - 

1  +  12(SY)2 


2(5r)2 


D  =  E  =  0 


(12) 

(13) 


(14) 


c;  = 


6.5  +  3V2|SV|^/l-  3^  +  | 


'ft\2 

,s) 


(15) 


uT  is  the  friction  velocity,  /M  =  1.0,  CM  —  0.09,  C£l  =  1.44, 
Ct*2  =  1.92,  ffK  =  1,  and  ac  =  1.3. 

The  composite  algebraic  stress  model  that  accounts  for 
dissipation  rate  anisotropies  (Xu  and  Speziale  1996;  Jon- 
gen  et  al.  1997)  is  a  extension  of  the  EASM  of  Gatski  and 
Speziale  (1993)  in  inertial  frames.  In  the  non-inertial  case, 
the  process  is  complicated  by  the  fact  that  the  system  rota¬ 
tion  enters  differently  into  the  anisotropic  dissipation  rate 
and  the  algebraic  stress  relations. 


First,  non-inertial  effects  are  introduced  into  the  explicit 
algebraic  anisotropic  dissipation  rate  equation  developed 
by  Speziale  and  Gatski  (1997)  as 


d,H  — 


2  Qt 

"l5 


c;c  [  rS,}  +  ftr2  (StkW^  -  W;kSk]) 
+  2  for2  (sikSk}  -  , 


(16) 


and 


TTT*  0  »  7^3+12 
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(e,j  l£bij) 
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C;c  =  {l-  -(St)2 


pi  -  3/?2  (i  -  c;|) 


A  -  {ji03  +  h)9t>  h  =  (it^3  ~  it) 


9t  —  \CCb  + 


h- 


(19) 


(20) 


CCb  =  5.8,  and  /J3  =  0-6. 

In  the  absence  of  rotation,  this  explicit  algebraic  aniso¬ 
tropic  dissipation  rate  model  could  be  directly  inserted  into 
the  explicit  algebraic  stress  model  and  the  resulting  com¬ 
posite  explicit  algebraic  equation  could  be  solved  in  con¬ 
junction  with  the  turbulent  kinetic  energy  and  the  dissipa¬ 
tion  rate  equations.  In  the  non-inertial  frame  this  direct 
substitution  is  not  possible,  and  the  problem  can  be  quickly 
identified  by  examining  the  implicit  relation  for  the  alge¬ 
braic  stress  model  that  is  used  as  the  starting  point  for 
the  tensor  polynomial  expansions  associated  with  the  ex¬ 
plicit  representations.  The  implicit  relation  that  accounts 
for  dissipation  rate  anisotropies  can  be  written  as  (Jongen 
et  al.  1997) 


bij  +  <*3  T^b%kSkj  +  Sikbkj  —  -b  mn  Smn &ij  ^ 

—  a2r(bikWkj  —  W  ikbkj)  =  —  airS;_,  —  gdij 


and 


W  ij  —  *4~  C w  C  m  j  t  ft  m ,  Cw  — 


Ci  -4 


C4-  2 

«,  =  (i-Cj)§,  »,  =  <2-C.)§ 


«3  =  (2-C3)|,  g 


f+H~‘ 


(21) 


(22) 


(23) 


Ci  =  3.4  +  1.8P/e,  C2  =  0.36,  C3  =  1.25,  and  C4  = 
0.40.  These  constant  closure  coefficients  are  obtained  from 
the  SSG  pressure-strain  correlation  model  (Speziale  et  a 1. 
1991).  A  comparison  of  (17)  and  (22)  clearly  shows  that 
in  general  the  rotation  rate  tensors  in  the  non-inertial 
frame  that  are  extracted  from  the  algebraic  dissipation  rate 
model  and  the  algebraic  stress  model  are  not  the  same. 
This  difference  precludes  a  simple  combination  of  terms 
as  suggested  by  (21)  and  shown  to  be  possible  in  inertial 
frames  (Xu  and  Speziale  1996;  Jongen  et  a 1.  1997),  where 
integrity  bases  were  used  to  get  a  composite  explicit  rep¬ 
resentation  for  the  Reynolds  stresses. 

As  an  alternative  to  this  approach,  consider  (21)  rewrit¬ 
ten  as  the  matrix  system 
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Ab  =  -  (a its  +  gd) 

where 


(24) 


t>  =  [ill,  612,  622] 3 


A  = 


1 

St  (ar3  -  a2Tl) 
0 


=  [0,5,  Of,  d: 

-  [dn,  di2 

,  d22]T 

(25) 

|5t(q3  +  3  a2H) 

0 

" 

1 

St (a3  + 

a21Z) 

|Sr  (a3  -  3a27l) 

1 

(26) 


^  n 

Tl  —  1  —  cw—  (27) 

The  system  in  (24)  can  be  inverted  analytically  to  obtain 
explicit  expressions  for  the  Reynolds  stress  anisotropies  btJ 
(and  rjj).  Once  again,  these  stress  relations  are  coupled 
with  (3)  and  (4)  for  the  turbulent  kinetic  energy  and  the 
turbulent  dissipation  rate,  with 


D  =  E  =  0,  f2 


1 


(28) 


c;,  =  ,  +  (i  +  fl|ji,  HO-I)  m 

fn  =  1.0,  =  0.094,  C* 2  =  1.83,  <jk  —  1,  and  <rc  =  1.3. 

The  additional  (nonconstant)  term  in  the  expression  for 
Ct  1  represents  a  production  ratio  of  the  turbulent  dissipa¬ 
tion  rate  (di2S)  and  turbulent  kinetic  energy  (bi2S). 


RESULTS 

The  turbulence  models  presented  in  the  last  section  are 
coupled  with  the  streamwise  momentum  equation 


dU_  _  2  dS  dr12 

dt  Reb  dy  dy 


(30) 


where  u ,  =  (17,0,0);  G  is  the  (constant)  effective  pres¬ 
sure  gradient,  which  includes  the  centrifugal  force  term; 
and  the  bulk  Reynolds  number  Ret  =  hUb/v,  with  Ub  as 
the  bulk  velocity.  Equation  (30),  coupled  with  the  trans¬ 
port  equations  for  the  turbulent  kinetic  energy  (3)  and  the 
turbulent  dissipation  rate  (4),  is  integrated  to  steady  state 
by  a  one-dimensional  second-order  finite-difference  scheme. 
This  simple  one-dimensional  spatial  problem  allows  for  so¬ 
lutions  with  arbitrarily  high  numerical  accuracy  by  using  a 
sufficient  number  of  points.  Here,  200  points  were  typically 
used,  with  highly  stretched  meshes  near  the  solid  walls. 

Because  the  different  rotation  regimes  considered  by  the 
DNS  (Lamballais  et  aJ.  1996)  were  obtained  at  the  same 
bulk  Reynolds  number,  the  pressure  gradient  in  the  nu¬ 
merical  code  was  adjusted  in  order  to  have  Reb  =  2500 
at  convergence.  In  the  following,  results  for  three  different 
rotation  numbers,  defined  by 


Ro  =  2\Sl\h/Ub  (31) 

are  shown  ( Ro  =  0,  Ro  =  0.5,  and  Ro  =  1.5).  In  the 
earlier  DNS  study  of  Kristoffersen  and  Andersson  (1993), 
the  maximum  rotation  number  studied  was  0.5.  Thus,  the 
DNS  data  used  in  this  study  significantly  increases  the  val¬ 
idation  range  for  the  turbulence  closure  models. 

The  profiles  of  the  mean  velocity  and  turbulent  kinetic 
energy  are  shown  in  Figures  2  and  3,  respectively.  The 
turbulent  kinetic  energy,  as  well  as  the  turbulent  stresses 
to  be  presented,  are  scaled  by  an  average  friction  velocity 
ur,  which  is  the  half-sum  of  the  friction  velocities  on  both 
walls.  The  DNS  results  show  the  characteristic  linear  re¬ 
gion  of  slope  20  in  the  mean  velocity,  which  leads  to  a  mean 


absolute  vorticity  2(5  -  fi)  that  is  close  to  zero.  These  re¬ 
sults  also  show  that  the  turbulent  kinetic  energy  is  higher 
on  the  anticyclonic  or  pressure  side  (y  =  0)  than  on  the 
cyclonic  or  suction  side  (y  =  2),  where  relaminarization 
occurs.  In  Figure  2,  for  the  mean  velocity  the  compos¬ 
ite  model  is  able  to  reproduce  all  features  of  the  flow  for 
the  three  rotation  numbers  considered,  including  the  lin¬ 
ear  portion  of  the  profile  and  the  relaminarization  on  the 
cyclonic  side,  characterized  by  a  parabolic  velocity  profile. 
For  the  turbulent  kinetic  energy  shown  in  Figure  3,  the 
asymmetry  of  the  profile  and  the  higher  turbulence  inten¬ 
sity  on  the  anticyclonic  side  of  the  channel  are  clearly  vis¬ 
ible  and  are  consistent  with  the  DNS  results.  In  the  case 
for  which  Ro  =  0,  the  peaks  in  turbulent  kinetic  energy 
near  the  wall  are  not  well  predicted  because  in  the  CASM 
no  f ^  damping  function  has  been  introduced. 

The  Coriolis-modified  model  of  Howard  et  a 1.  (1980) 
gives  reasonable  predictions  for  the  mean  velocity  at  the 
different  rotation  numbers  although  not  with  the  same  de¬ 
gree  of  accuracy  as  the  CASM.  The  algebraic  model  of  Shih 
et  a J.  (1995)  does  not  correctly  predict  the  mean  velocity 
at  these  higher  rotation  numbers  since  it  fails  to  predict 
the  linear  profile  on  the  anticyclonic  side  and  the  relami¬ 
narization  on  the  cyclonic  side.  For  the  turbulent  kinetic 
energy,  both  the  Howard  and  Shih  models  misrepresent  the 
behavior  of  the  kinetic  energy  in  the  higher  rotation  rate 
cases.  At  Ro  =  0.5  and  Ro  —  1.5,  the  Coriolis-modified 
EVM  yields  results  that  effectively  damp  out  the  turbu¬ 
lent  kinetic  energy  in  the  relaminarizing  portion  of  the  flow, 
whereas  the  Shih  algebraic  stress  model  is  somewhat  insen¬ 
sitive  to  the  effects  of  rotation. 

With  the  success  of  the  CASM,  further  investigation  of 
the  flow  dynamics  is  worthwhile  by  examining  the  total 
shear  stress.  At  steady  state,  (30)  can  be  integrated  with 
respect  to  y  and  expressed  in  wall  units  as 


(32) 


where  ut0  =  |s/=o  ,  uT 2  =  uT\y-2,  and  ReT  =  huT/v. 

As  this  equation  shows,  the  total  shear  must  vary  linearly 
across  the  channel  for  all  rotation  rates.  The  partition  of 
the  total  shear  stress  between  the  turbulent  rjj  and  vis¬ 
cous  2 S+  /Re  T  stresses  is  illustrated  in  Figure  4  for  the 
composite  model.  The  region  of  neutral  stability,  where 
the  velocity  profile  is  linear,  is  characterized  by  a  turbu¬ 
lent  shear  stress  that  varies  linearly,  and  a  viscous  shear 
stress  that  remains  constant. 

In  addition  to  the  turbulent  shear  stress,  the  normal 
Reynolds  stresses  are  significantly  affected  by  the  rota¬ 
tion.  Figure  5  shows  the  attenuation  of  the  normal  stress 
components  on  the  relaminarized  side  of  the  channel  at 
both  nonzero  rotation  numbers.  On  the  turbulent  side, 
the  streamwise  component  m  is  attenuated  relative  to  the 
Ro  =  0  case,  and  both  the  t22  and  T33  components  are 
enhanced  relative  to  the  Ro  =  0  case.  The  most  significant 
effect  is  on  the  t22  component,  but  even  at  the  high  rota¬ 
tion  case  the  r33  component  also  exceeds  the  rn  compo¬ 
nent  on  the  anticyclonic  side.  This  result  is  consistent  with 
the  DNS  results  and  can  be  explained  by  the  fact  that  the 
CASM  is  derived  from  a  Reynolds  stress  model  and  will, 
therefore,  inherit  the  right  sensitivity  of  the  production 
terms  for  the  individual  normal  stresses  to  the  rotation. 
On  the  other  hand,  the  stress  anisotropies  predicted  by 
the  model  of  Shih  et  a 1.  (1995)  in  (11)  for  unidirectional 
shear,  where  fcn  =  -b22  =  2c2(St)2(1  -  §)  and  633  =  0, 
show  that  this  coupling  of  the  61 1  and  b22  forces  the  incor¬ 
rect  prediction  of  isotropic  turbulence  when  Q  =  S,  and 
which  would  preclude  the  correct  prediction  of  the  normal 
stresses  as  displayed  in  Figure  5. 

Both  the  presence  of  the  linear  velocity  profile  and  the 
relaminarization  process  can  be  explained.  The  CASM  is 
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derivable  from  the  Reynolds  stress  model 

ft, -f  *-(»„-  ffe) 

~  d"  03 T^bikSlcj  +  Sikbkj  —  ^bmnSmnbijJ 

-  02 r  +  airS.j  +  gdtJ 

J  (33) 

where  Vij  (and  T>k  =  Vjj/2)  represent  the  effects  of  tur¬ 
bulent  and  viscous  diffusion;  aq,  02,  03,  and  g  are  given 
in  (23).  The  implicit  form  of  the  algebraic  stress  model 
is  obtained  by  setting  the  left  side  of  (33)  to  zero  and  us¬ 
ing  the  appropriate  closure  model  for  the  dissipation  rate 
anisotropies  (such  as  the  one  shown  in  (16),  which  is  used 
here).  Note  that  the  equilibrium  hypothesis  that  under¬ 
lies  the  algebraic  stress  models  is  exactly  satisfied  here 
(n>  =  K  =0),  and  the  only  approximation  that  is  made 
is  Vij  =  ^ T>k ■ 

An  examination  of  (33)  shows  that  the  anisotropy  com¬ 
ponent  612  must  satisfy  the  following  equation: 

0  =  612  [l  -  |<^(5r)2  +  4ai(Sr)27J2]  +  cnSr  (34) 
where  71  is  given  in  (27),  and 

=  <*1  +  g  |-g£-  +  03(^11  -f  ^22)  —  oi27l(dn  —  c?22 ) j  (35) 

As  could  be  expected,  this  expression  for  612  has  the 
same  functional  form  as  the  EASM: 

bi2  =  -fiiC;5r,  Cl  =  [l  -  |  (Sr)2  (a2  -  3o27l2)]  '* 

(36) 

Thus,  in  both  the  composite  model  and  the  EASM  the 
production-to-dissipation  rate  ratio  is  always  given  by 

V 

—  =  -4&i2Sr  =  4«iC*(Sr)2  (37) 

showing  that  ^  is  a  function  of  both  D/5  and  Sr.  By 
interchanging  this  dependency,  the  behavior  of  D/5  as  a 
function  of  £  and  Sr, 


can  be  studied.  For  comparative  purposes,  a  corresponding 
Q/S  relationship  can  also  be  obtained  from  an  expression 
equivalent  to  (37)  for  the  Shih  et  al.  (1995)  model; 


Figure  6  shows  the  evolution  of  Q/S  across  the  channel  for 
the  different  rotation  regimes  and  the  three  models  con¬ 
sidered.  For  the  two  rotating  cases,  several  features  are 
apparent.  Starting  from  values  near  zero  on  the  anticy- 
clonic  side  (because  S  is  high  near  the  wall),  the  DNS  re¬ 
sults  clearly  show  a  plateau  at  Q/S  —  1,  then  quickly  grow 
and  change  sign  at  the  location  of  the  maximum  velocity 
(5  =  0).  On  the  cyclonic  side,  Q/S  (<  0)  then  approaches 
zero  with  a  y  1  behavior  (5  ~  —y  in  the  relaminarized  re¬ 
gion).  The  figure  shows  that  the  CASM  closely  follows  the 
DNS  results  and  accurately  predicts  the  location  of  maxi¬ 
mum  velocity.  With  (38),  we  can  explain  why  the  CASM 
model  is  able  to  predict  such  features,  and  we  shall  see 
that  the  reason  is  closely  related  to  the  expression  for  C/, 
which  must  show  the  correct  dependency  on  Q/S  and  Sr. 


By  their  nature,  the  CASM,  and  more  generally,  all  of  the 
algebraic  stress  models  that  are  consistently  derived  from 
Reynolds  stress  models  inherit  the  correct  behavior  for  C*, 
while  algebraic  stress  models  that  provide  a  C*  expression 
based  solely  on  constraints  such  as  realizability,  calibra¬ 
tions,  and  phenomenological  arguments  may  not  have  the 
correct  behavior  and  will  fail  to  predict  the  neutral  stabil¬ 
ity  region  and  the  relaminarized  zone  that  is  observed  in 
the  rotating  channel. 

For  larger  values  of  St  (i.e.,  >  3),  the  last  term  under  the 
root  in  (38)  is  negligible  compared  with  the  other  terms, 
and  Q/S  becomes  a  function  of  y  only,  and  takes  values  on 
the  two  limit  branches  that  correspond  to  the  sign  of  S(= 
±|5|).  Now,  it  is  also  easy  to  verify  that  these  two  values  of 
Q/S  rapidly  become  independent  of  an  increasing  — ,  and 
asymptote  to  either  ( Q/S)+  (5  >  0)  or  ( Q/S)~  (S  <  0). 
Equation  (38),  therefore,  shows  that  for  a  wide  range  of 
values  of  St  and  7L  the  value  of  Q/S  becomes  effectively 
independent  of  these  parameters,  and  takes  values  close 
to  (O /5)±.  These  two  limiting  values  only  depend  on  the 
values  of  the  model  coefficients  a,  ’s,  and  have  the  following 
values  for  the  SSG  pressure-strain  model:  (D/5)+  =  0.992 
and  (D/ 5)  =  —0.103.  In  the  channel  away  from  the  walls, 

the  diffusion  of  K  may  be  expected  to  be  small,  and  we 
should  have  £  «  1  and  5r>3.  In  this  case,  the  scaled 
rotation  rate  will  have  values  on  the  limit  branches  that 
will  be  close  to  the  limit  values  (D/5)±. 

Figure  7  illustrates  this  phenomenon  by  showing  the 
evolution  of  the  scaled  rotation  rate  correlated  with  the 
variation  of  y  across  the  channel.  In  Figure  7(a),  the 
two  limit  branches  given  by  (38)  with  values  of  St  >  3 
are  represented  by  dashed  lines.  At  £  =  0  and  y  —  0, 
the  curves  that  correspond  to  the  CASM  simulation  at 
the  two  rotation  regimes  first  move  in  a  region  where 
( Q/S)~  <  Q/S  <  (0/5)+  because  the  values  of  St  that 
are  given  by  the  model  are  also  very  small.  However,  as  — 
rapidly  increases  with  movement  away  from  the  near-wall 
region,  St  increases  also,  and  the  points  collapse  on  the 
(positive)  limit  branch.  Until  very  near  the  wall  at  y  =  2, 
the  value  of  St  stays  at  values  sufficiently  high  to  force  the 
points  to  stay  on  the  limit  branches.  After  having  attained 
values  close  to  (D/5)+  =  0.992  for  the  major  portion  of 
the  channel  on  the  anticyclonic  side,  the  maximum  veloc¬ 
ity  point  is  reached,  —  becomes  very  small  (as  5  — ►  0)  and 
the  negative  limit  branch  is  foDowed  after  the  maximum 
velocity.  For  most  of  the  values  Q/S  <  (D/5)-,  the  corre¬ 
sponding  value  of  y  on  the  negative  branch  is  very  small, 
and  according  to  (3),  we  can  expect  dK/dt  <  0,  which 
leads  to  relaminarization  in  this  region. 

This  explanation  for  the  occurrence  of  the  linear  pro¬ 
file  and  the  relaminarization  process  is  also  valid  for  other 
Reynolds  stress  models  (i.e.  other  pressure-strain  correla¬ 
tion  models).  For  example,  the  LRR  model  (Launder  et  a  1. 
1975)  yields  limiting  values  for  Q/S  of  ( D/5)+  =  0.644  and 
(D/5)-  =  —0.131  for  the  anticyclonic  and  cyclonic  sides, 
respectively.  However,  one  would  expect  that  the  slope  of 
the  linear  velocity  profile,  when  compared  to  DNS,  would 
not  be  correct.  Note  also  that  these  results  are  indepen¬ 
dent  of  the  particular  model  for  e  that  is  used,  because  the 
effect  enters  only  through  St  and 
The  same  analysis  can  be  carried  out  on  the  Shih  et  a 1. 
(1995)  model  by  using  (39).  With  this  model,  the  evolution 
of  Sr  always  has  an  effect  on  D/5,  and  no  limiting  behavior 
occurs.  Therefore,  the  system  is  not  forced  to  reach  the 
asymptote  D/5  «  1,  which  precludes  attainment  of  a  linear 
velocity  profile  on  the  anticyclonic  side  (Figure  7(b)).  From 
~  =  0  at  y  =  0,  y  quickly  increases  and  the  resulting 
curve  is  obtained  from  the  balance  of  the  model  equations 
and  (39).  The  fact  that  this  model  cannot  reproduce  the 
correct  features  for  the  rotating  channel  at  high  rotation 
numbers  can  be  attributed  to  the  lack  of  a  mechanism  in 
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Figure  6.  Scaled  rotation  rate  variation  across  channel  for  (a)  Ro  =  0,  (b)  Ro  =  0.5,  and  (c)  Ro  —  1.5.  A - A  DNS 

(Lamballais  et  a J.  1996); - ,  CASM; - ,  ASM  (Shih  et  al.  1995); - ,  Coriolis-modified  EVM. 
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Figure  7.  Scaled  rotation  rate  variation  versus  ^  in  the  channel  for  (a)  CASM,  (b)  ASM  (Shih  et  al.  1995),  and  (c) 
Coriolis-modified  EVM.  - ,  Ro  =  .5; - ,  Ro  =  1.5; - ,  limit  branches  (shown  for  (a)  only). 


C*  to  render  Cl/S  independent  of  St  and  . 

Finally,  for  the  Coriolis-modified  EVM,  relation  (37)  can¬ 
not  be  used  to  find  a  relation  between  Cl/S,  and  St. 
Instead,  (4)  can  be  examined  at  steady  state  in  regions 
away  from  the  walls  where  the  damping  functions  and  dif¬ 
fusive  terms  can  be  neglected.  The  dissipation  rate  equa¬ 
tion  then  yields  the  simple  relation  that  the  production-to- 
dissipation  rate  ratio  is  C *2  / C/i  and 


5 


1 

2 


1  ± 


1.536(£r)2 


(40) 


For  sufficiently  high  values  of  St,  the  dependency  on  ^  is 
totally  removed,  and  Cl/S  takes  a  value  of  0  or  1.  Other  val¬ 
ues  of  Cl/S  can  only  be  reached  when  y  vanishes,  as  shown 
in  Figure  7(c).  Thus,  the  model  then  yields  an  abrupt  and 
total  damping  of  the  turbulence.  (See  Figure  3.) 


CONCLUSIONS 

This  study  has  shown  that  algebraic  stress  models  consis¬ 
tently  derived  from  Reynolds  stress  models  inherit  the  cor¬ 
rect  dependency  to  rotation,  and  non-inertial  effects  are  au¬ 
tomatically  accounted  for  in  a  rigorous  way.  On  the  other 
hand,  algebraic  stress  models  that  try  to  generalize  the 
eddy-viscosity  hypothesis  in  a  phenomenological  way  are 
not  necessarily  directly  extendible  to  non-inertial  frames. 
As  these  results  have  shown,  the  nonlinear  eddy-viscosity 
function  C/  must  be  constructed  with  the  correct  depen¬ 
dency  on  St  and  Cl/S.  This  study  also  demonstrated  that 
the  key  features  of  the  rotating  channel  flow  were  controlled 
by  mechanisms  only  remotely  linked  to  the  dissipation  rate 
equation,  which  would  mean  that  phenomenological  mod¬ 
els  that  attempt  to  account  for  non-inertial  effects  solely 
through  modification  of  the  source  terms  in  the  dissipation 
rate  equation  may  not  be  properly  accounting  for  essential 
flow  physics. 
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ABSTRACT 

The  capability  of  a  newly  proposed  fully  three-dimensional 
explicit  algebraic  Reynolds  stress  model  (EARSM)  to  predict  the 
turbulent  flow  in  an  axially  rotating  circular  pipe  was  assessed. 
The  azimuthal  velocity  has  a  variation  that  is  close  to  parabolic 
and  the  rotation  causes  the  axial  velocity  profile  to  be  less  full, 
i.e.,  more  parabolic  like.  To  capture  these  features  the  model 
description  of  the  intercomponent  transfer  is  crucial.  This  is 
included  in  most  differential  Reynolds  stress  models  but  not  in 
standard  eddy  viscosity  models  and  EARSM  formulations 
including  only  terms  up  to  second  order  in  the  mean  flow  strain 
and  rotation  rate  tensors.  It  was  found  that  the  newly  proposed 
EARSM  was  able  to  capture  the  main  features  of  this  kind  of 
flows  due  to  the  necessary  inclusion  of  tensorially  cubic  terms. 


INTRODUCTION 


Standard  two-equation  models  are  still  dominating  in  the  con¬ 
text  of  industrial  flow  computations.  Replacing  the  eddy  viscos¬ 
ity  hypothesis  with  an  explicit  algebraic  Reynolds  stress  model 
may  improve  the  prediction  capability  in  flows  with  strong 
effects  of  streamline  curvature,  adverse  pressure  gradients,  flow 
separation  or  system  rotation. 

It  is  convenient  to  express  an  EARSM  as  an  explicit  relation 
for  the  Reynolds  stress  anisotropy,  a-. ,  defined  as 


a.j  = 


u,u  i  2 
K  3  ‘J 


(1) 


in  terms  of  the  mean  strain  and  a  mean  rotation  tensors  normal¬ 
ized  with  the  turbulent  time-scale,  x  =  K/z 

su  =  l(uu+uj,0 

(2) 

au -lWi.ru j.i> 

U j  •  denotes  the  mean  velocity  gradient  tensor  and  K  the  turbu¬ 
lent  kinetic  energy. 

Following  Pope  (1975),  the  most  general  form  for  a-  in  terms 
of  Sjj  and  consists  of  ten  tensorially  independent  groups  to 


which  all  higher  order  tensor  combinations  can  be  reduced  with 
the  aid  of  the  Caley-Hamilton  theorem. 

«  =  p,s 

+  P2(s2  -  \h  i)  +  P3(“2  -  i)  +  p4(S£2  -  sis) 

+  P5(S2n-nS2)  +  P6^n2  +  t22S-|7Tlj  (3) 

+  p7(s2fi2  +  S12S2  - 1 V  i)  +  Pg(S£2S2  -  S2SIS) 

+  P9(ns£22-Q25Q)  +  p10(£2S2£22-£22S2Q) 

The  p  coefficients  may  be  functions  of  the  five  independent 
invariants  of  S  and  £2 ,  which  can  be  written  as 

ns  =  {s2} ,  nn  =  {S!2},  es  -  {s3} 

(4) 

IV  =  {SO2}  ,  V  =  {S2£22} 

Also  other  scalar  parameters  may  be  involved.  In  equation  (3)  a , 
5  and  Si  denote  second  rank  tensors,  and  I  is  the  identity 
matrix.  The  inner  product  of  two  matrices  is  defined  as 
(SS)jj  =  {S2)ij  =  SlkSk]  and  {  }  denotes  the  trace.  This  nota¬ 
tion  will  be  kept  through  this  paper. 

The  p  coefficients  in  (3)  may  be  determined  from  the  alge¬ 
braic  Reynolds  stress  model.  Girimaji  (1995)  and  Johansson  & 
Wallin  (1996)  have  shown  that  an  exact  solution  of  the  ARSM 
exists  in  two-dimensional  mean  flow.  Moreover,  Wallin  & 
Johansson  (1997)  showed  that  the  new  model  they  proposed 
closely  approximates  also  three-dimensional  mean  flow  due  to 
the  necessary  inclusion  of  tensor  products  of  higher  order  than 
quadratic. 

DESCRIPTION  OF  THE  MODEL 

The  explicit  algebraic  Reynolds  stress  model  proposed  by  Wal¬ 
lin  &  Johansson  (1997)  is  formulated  using  the  traditional 
ARSM  assumption,  Rodi  (1976),  which  results  in  the  following 
implicit  algebraic  equation  for  aj} , 
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^(ff-e)  =  Vev  +  ntf  (5) 

The  dissipation  rate  tensor,  Z- ,  and  the  pressure  strain,  , 
need  to  be  modeled  whereas  the  production  terms,  and 
T  =  fy/ 2  ,  do  not  need  any  modelling  since  they  are  explicit  in 
the  Reynolds  stress  tensor.  Wallin  &  Johansson  chose  an  iso¬ 
tropic  assumption  for  the  dissipation  rate  tensor,  £(y  =  25^/3 
and  the  Rotta  model,  Rotta  (1951),  for  the  slow  pressure  strain 
=  -ciEajj  where  the  Rotta  constant  C]  =  1.8. 

For  the  rapid  pressure  strain  rate  the  general  linear  model  of 
Launder,  Reece  &  Rodi  (1975)  was  used.  The  value  of  c2  in  the 
rapid  pressure  strain  model  was  originally  suggested  to  be  0.4 
by  Launder  et  al.  (1975),  but  more  recent  studies  have  suggested 
a  higher  value  close  to  5/9  ,  see  e.g.  Lumley  (1978)  and  Shabbir 
&  Shih  (1992).  From  (5)  and  with  c2  =  5/9  the  implicit  alge¬ 
braic  equation  for  the  Reynolds  stress  anisotropy  tensor  is  then 
obtained  to 

(c,-l+D«  =-^S  +  !(aQ-Q«).  (6) 

One  should  note  that  (6)  represents  a  non-linear  relation  since 
tP/£  =  -tr{aS}. 


Formulation  of  an  explicit  algebraic  model 

The  procedure  to  solve  (6)  is  the  following:  First,  the  general 
form  for  the  anisotropy,  equation  (3),  is  inserted  into  the  ARSM 
equation  (6)  where  T/z  is  not  yet  determined.  The  resulting  lin¬ 
ear  equation  system  for  the  (3  coefficients  is  then  solved  by 
using  the  fact  that  higher  order  tensor  groups  can  be  reduced 
with  the  aid  of  Cayley-Hamilton  theorem  where  the  ten  groups 
in  the  general  form  (3)  forms  a  complete  basis.  The  (3  coeffi¬ 
cients  are  now  functions  of  the  production  to  dissipation  ratio, 
(P/z .  The  final  step  is  to  formulate  the  non-linear  scalar  equa¬ 
tion  for  T/z . 

For  general  three-dimensional  mean  flows  the  solution  for  the 
P  coefficients  is 


N(2N2  -  mn) 
Q 

2{N2-ina) 

Q 


P3  =  - 


12  N-'1V 

Q 


P6  =  - 


6  N 


(7) 


where  all  the  other  coefficients  are  identically  zero.  The  denomi¬ 
nator 

Q  =  \{N1-2IIn){2N2-na)  (8) 


cannot  become  singular  since  IIn  always  is  negative  and  N  is 
positive.  N  is  related  to  the  production  to  dissipation  ratio  as 


N  = 


9  T 
+  4e 


(9) 


where 

c',=|(c,-l).  (10) 


The  non-linear  equation  for  N  or  the  corresponding  equation 
for  {aS}  is  then  formulated.  This  equation  is  of  sixth  order  and 
can,  e.g.,  be  obtained  by  introducing  the  above  solution  (7)  for  a 
into  the  definition  of  N .  The  equation  for  N  cannot  be  solved  in 
a  closed  form  in  three-dimensional  mean  flows  but  an  approxi¬ 
mation  was  obtained  by  making  a  perturbation  solution  of  the 
sixth  order  equation  for  N  around  the  solution  in  two-dimen¬ 


sional  mean  flow  which  may  be  obtained  exactly.  The  approxi¬ 
mation  for  N  reads 

162(d),  +  i>,Nh  „  „ 

N  -  Nc  + - ]D  -  +0(4)2  4)f,  4, ,([>2)  (ll) 

where  the  parameters  }  and  <j>2  are  zero  in  two-dimensional 
mean  flow  and  are  connected  to  the  mean  flow  invariants  through 
<j>]  =  IV 2  and  <|>2  =  V  -  IlslIn/2 .  Nc  is  the  exact  solution  for 
N  in  two-dimensional  mean  flows  and  reads 


AL  = 


with 


y+(Pi+ V^)1/3 + ss“(f  t  -  h  -  <pi s  o 


-3  +  2(P?-P2)1/6cos  ^arccos 


Jr!7?: 


,P,  <0 


(12) 


(13) 


The  denominator,  D  ,  is  given  by 

D  =  20N^(nc~C-^]-  nn(lON3c  +  \5c\N2)  +  10c\B2  (14) 


N  and  D  can  be  shown  to  always  remain  positive 


Near  wall  treatments 

To  obtain  a  proper  behaviour  in  this  region  the  model  needs  to 
be  modified  in  a  similar  way  as  low  Reynolds  number  two-equa¬ 
tion  turbulence  models.  An  important  difference  compared  to 
eddy  viscosity  models  is  that  the  effective  C  or  p,  in  the  pro¬ 
posed  model  is  not  a  constant  and,  which  has  been  shown  by 
Wallin  &  Johansson  (1996,  1997),  will  adjust  to  the  near  wall 
flow  in  a  more  natural  way  than  is  possible  with  eddy  viscosity 
models.  A  fully  developed  channel  flow,  DNS  data  by  Kim 
(1989),  was  used  by  Wallin  &  Johansson  to  formulate  and  cali¬ 
brate  the  very  near  wall  correction. 

The  turbulence  time-scale  1  =  K/z,  which  is  used  to  scale 
the  strain-  and  rotation  rate  tensors  in  (2)  goes  to  zero  as  the  wall 
is  approached.  A  more  appropriate  expression  for  the  time-scale 
is 


which  is  just  the  usual  time  scale  with  a  lower  bound  by  the  Kol- 
mogoroff  scale.  The  constant  CT  =  6.0  . 

The  correct  near  wall  behaviour  for  the  Reynolds  stresses  is 
then  ensured  by  preserving  the  near  wall  asymptotic  behaviour 
of  the  stress  anisotropy.  The  asymptotic  near  wall  components  of 
the  anisotropy  is  blended  with  the  modelled  anisotropy  using  the 
van  Driest  wall  damping  function 

/i  =  1-exp(-^;)  (16) 

where  A+  =  26  . 

A  coordinate  system  invariant  form  of  the  near  wall  correction 
was  obtained  and  the  straight  forward  extension  to  three-dimen¬ 
sional  flow  reads 
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3fi2-4 


3  —  4  /  i  \ 

a  =  /iM  +  d-/?) — (s2-ki) 
max(J5,  npy-  3  2 


/?P4- 0-/?) 


2max(J5, 


(sn-ns) 


■  (17) 


+  /2 p3(fl2  - 1 4  i]  +  /,  P6[s£22  +  Q25  -  ij 

♦  /^(OSl^-Q^O) 


The  max  function  in  the  denominator  is  included  to  avoid  prob¬ 
lems  in  separated  flows  where  the  shear  rate  and  thus  Hs  may 
become  small.  To  avoid  this  problem,  the  shear  rate  in  the 
denominator  of  the  near  wall  correction  is  limited  to  the  equilib¬ 
rium  shear  rate,  n!p  where  the  turbulence  production  balances 
the  dissipation  rate, 


n?  = 


405c2 
216c,-  160 


=  5.74  for  c,  =  1.8  . 


(18) 


The  near  wall  treatment  ensures  that  all  individual  Reynolds 
stresses  are  fairly  well  predicted  (see  figure  1). 


V 


l5e_fV) 

dr2  +  rdr  r2  J 


;£(*«*>  +  2 


(19) 


After  two  integrations,  the  tangential  velocity  can  be  expressed 
as 


W  =  ue(R)^-r-j^pdu 


(20) 


where  R  is  the  radius  of  the  pipe.  The  first  term  corresponds  to 
the  linear  t/0  profile  while  the  second  term  is  the  correction  that 
may  give  a  parabolic-like  profile  if  the  ar6  anisotropy  is  posi¬ 
tive. 

The  strain-  and  rotation  rate  tensors  are  evaluated  in  an  inertial 
frame.  The  non-zero  components  are 


,  du» 
ir6~d?  ~T 

dU, 

S  =  — 2 
r2  dr 

(21) 

and 

dUB 

Qer  =  -fire  -  -dr  +~ 

^zr  = 

dU 
_  z 

dr  ' 

(22) 

y+ 

FIGURE  1.  TURBULENT  CHANNEL.  THE 
MODELLED  REYNOLDS  STRESSES  COMPARED  TO 
DNS  DATA  (KIM  1989) 

ROTATING  PIPE  FLOW 

Fully  developed  turbulent  flow  in  a  circular  pipe  rotating 
around  its  length  axis  is  an  interesting  case,  since  it  represents  a 
three-dimensional  flow  that  can  be  described  with  only  one  spa¬ 
tial  coordinate,  r  in  a  cylindrical  coordinate  system  (r,  0,  z) .  If 
the  flow  is  laminar,  the  tangential  velocity,  L0 ,  varies  linearly 
with  the  radius,  r ,  like  a  rigid  body  rotation.  In  turbulent  flow, 
on  the  other  hand,  the  tangential  velocity  is  nearly  parabolic, 
which  cannot  be  described  with  an  eddy  viscosity  turbulence 
model.  The  fully  three-dimensional  form  of  the  proposed 
EARSM  is  needed  to  capture  this  behaviour.  Limited  forms  with 
only  second  order  terms  is  not  sufficient,  as  will  be  shown  below. 

The  Navier-Stokes  equation  in  the  tangential  direction  can  be 
written  as 


The  terms  that  contribute  to  the  arB  component  in  the  general 
expression  (3)  are  the  terms  associated  with  the  P, ,  P5 ,  p6  and 
P10  coefficients.  In  the  case  of  a  linear  UB  profile,  Sr0  is  zero 
and  the  contribution  from  the  P,  term  vanishes.  This  is  consist¬ 
ent  with  the  behaviour  for  an  eddy  viscosity  model.  In  the  pro¬ 
posed  model  for  three-dimensional  mean  flows,  the  p5  and  P10 
coefficients  vanishes  so  the  only  term  that  can  give  the  desired 
behaviour  is  the  term  that  corresponds  to  the  P6  coefficient, 
SS12  +  £l2S  -  2 N 1/3  .  For  a  linear  UQ  profile  the  arB  anisot¬ 
ropy  can  then  be  written  as 


ar6  ~ 


(23) 


and  with  the  solution  to  p0  =  —6N/ Q  according  to  (7)  we  can 
see  that  arQ  is  positive  and  thus  gives  the  correct  trend  for  the 
UB  velocity.  The  inclusion  of  the  cubic  term  is  necessary  for 
describing  this  kind  of  turbulent  rotating  flow,  which  is  not  pos¬ 
sible  with  models  without  higher  order  terms  than  quadratic. 

Moreover,  the  simplified  linear  rapid  pressure  strain  model  of 
Launder  et  al.  (1975),  usually  referred  to  as  the  isotropization  of 
production  model,  does  not  have  the  necessary  ingredients. 
Algebraic  as  well  as  differential  Reynolds  stress  models  using 
this  pressure  strain  model  predict  a  linear  f/0  velocity  profile. 

This  can  be  understood  by  looking  at  the  corresponding  ARSM 
with  c2  =  1/4  which  reads 


(Ci-,  +  D>--ls+l(*o-n*) 


(24) 


The  arB  component  must  be  coupled  to  dU/dr  for  a  non-lin¬ 
ear  Uq  profile.  If  the  t/0  profile  is  linear  then  Sr0  =  £2r0  =  0 
and 

dU 

(af2-Qa)r0  =  ~aBznrz  =  aez-j^.z 

(25) 

(  2  \  dUT 

{aS  +  Sa--{aS}l)rS  =  a6zSn  =  ae-* 


These  two  terms  cancel  each  other  when  c2  =  1/4  and  the  Ue 
profile  becomes  linear.  The  full  linear  model,  on  the  other  hand, 
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together  with  linear  models  for  the  other  terms  is  sufficient  to 
capture  the  main  features  of  the  flow  in  the  axially  rotating  pipe. 

Computational  results 

A  fully  developed  turbulent  rotating  pipe  flow  has  been  com¬ 
puted  using  the  proposed  model.  The  Reynolds  number  is 
20000  based  on  the  bulk  velocity  and  pipe  diameter.  Three  dif¬ 
ferent  rotation  ratios  Z  =  0 ,  0.5  and  1  were  computed  where 
Z  =  Ue(R)/Um  i.e.  the  wall  angular  velocity  divided  by  the 
axial  bulk  velocity.  The  results  are  compared  to  the  experiment 
by  Imao  et  al.  (1996).  The  turbulence  models  used  are  the  Chien 
(1982)  K-  e  model  and  the  EARSM  proposed  by  Wallin  & 
Johansson  (1997)  based  on  both  the  Chien  K-e  and  Wilcox 
(1994)  K  —  to  models. 

The  three-dimensional  form  of  the  model  has  been  used  and 
the  influence  of  the  approximation  of  N  was  assessed  by  com¬ 
puting  the  case  by  using  both  the  zeroth  ( N c )  and  first  order  per¬ 
turbation  solution  of  N .  The  former  is  given  by  (12)  and  labeled 
‘EARSM_0'  in  the  figures  while  the  later  ‘EARSM_1'  is  given 
by  (11). 

Figure  2  shows  the  predicted  axial  velocity  for  Z  =  1  using 
the  Chien  K  -  e  model  alone  and  as  the  platform  for  EARSM 
calculations.  The  original  Chien  K  -  e  model  is  seen  to  be  com¬ 
pletely  insensitive  to  rotation,  while  the  EARSM  predictions 
agree  well  with  the  experimental  results.  It  is  also  seen  that  the 
different  approximations  of  N  only  have  a  slight  influence  on 
the  predicted  velocity  profile.  In  figure  3  predictions  for  different 
values  of  Z  are  shown  for  the  K  -  ©  model  as  the  platform  of 
the  EARSM.  The  calculated  results  are  seen  to  well  capture  the 
trend  with  increasing  rate  of  rotation.  The  EARSM  predictions 
with  the  K  -  e  and  K  -  to  platforms  are  quite  similar  except  in  a 
region  close  to  the  wall.  The  angular  velocity  (figure  4)  is  also 
seen  to  be  reasonably  well  predicted  with  the  different  EARSM 
formulations,  among  which  the  differences  are  small. 


FIGURE  2.  COMPUTED  AXIAL  VELOCITY  IN 
ROTATING  PIPE  FLOW  FOR  ROTATION  RATIO 
Z  =  1  COMPARED  TO  EXPERIMENT  BY  IMAO 
ETAL.  (1996). 

The  zeroth  and  first  order  solutions  of  N  are  only  different 
approximations  of  the  exact  solution  for  N  or  ‘P/E .  The  error 
can  be  investigated  by  computing  the  (P/e  ratio  using  the  differ¬ 
ent  approximations  of  N  from  a  given  flow  field.  Figure  5  shows 
i P/E  with  N  evaluated  from  the  first  (EARSM_0)  and  second 
(EARSM_1)  order  solutions  of  N  given  by  (12)  and  (1 1)  respec¬ 
tively,  compared  to  the  exact  solution.  The  mean  flow  invariants 
of  these  expressions  were  taken  from  a  fixed  mean  flow  field, 


FIGURE  3.  COMPUTED  AXIAL  VELOCITY  IN 
ROTATING  PIPE  FLOW  FOR  DIFFERENT  ROTATION 
RATIOS  Z  COMPARED  TO  EXPERIMENT  BY  IMAO 
ETAL  (1996). 


FIGURE  4.  COMPUTED  ANGULAR  VELOCITY  IN 
ROTATING  PIPE  FLOW  FOR  ROTATION  RATIO 
Z  =  1  COMPARED  TO  EXPERIMENT  BY  IMAO 
ETAL  (1996). 

which  was  the  solution  with  EARSM_0  based  on  K-e  for 
Z  =  1  .  We  can  see  a  substantial  difference  between  the  zeroth 
and  first  order  solutions  and  also  that  the  first  order  solution  is 
quite  close  to  the  exact  one.  As  seen  from  the  previous  figures 
this  difference  is  still  of  rather  small  influence  for  the  computed 
velocity  profiles. 
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ABSTRACT 

A  new  nonlinear  three  equation  eddy  viscosity  model 
(EVM)  is  proposed  for  capturing  two-component  turbu¬ 
lence  that  appears  in  flows  near  walls  and  free  surfaces. 
This  model  employs  dependence  of  Lumley’s  stress  flat¬ 
ness  parameter:  A,  by  solving  its  transport  equation.  The 
proposed  nonlinear  k-e-A  three  equation  EVM  has  been 
tested  in  fully  developed  plane  channel,  open  channel  and 
plane  Couette  flows  as  well  as  severed  homogeneous  strain 
fields.  The  results  have  shown  its  very  encouraging  perfor¬ 
mance  in  capturing  anisotropic  turbulence  near  both  wall 
and  shear-free  boundaries  without  any  recourse  to  topo¬ 
graphical  parameters. 

INTRODUCTION 

Nonlinear  terms  are  essential  in  the  constitutive  equation 
of  an  EVM  for  capturing  anisotropic  stress  fields.  Most  of 
the  nonlinear  EVM’s  thus  have  employed  up  to  quadratic 
products  of  mean  velocity  gradient  tensors.  Craft,  Laun¬ 
der  &  Suga  (1996),  however,  pointed  out  that  at  least  cubic 
terms  were  necessary  to  capture  stream-line  curvature  (in¬ 
cluding  swirling  flows)  effects  in  turbulent  flows.  In  order 
to  widen  the  capability  of  their  cubic  nonlinear  k-e  model, 
they  afterwards  extended  the  model  to  a  three  equation 
nonlinear  EVM  by  coupling  an  additional  transport  equa¬ 
tion  for  the  second  anisotropic  stress  invariant,  A 2  =  dijdji 
(Suga,  1995,  Craft,  Launder  &  Suga,  1997).  Their  three 
equation  nonlinear  eddy  viscosity  model,  the  CLS  model 
hereafter,  showed  very  encouraging  results  for  predicting  a 
wide  range  of  wall-bounded  flows. 

However,  on  a  shear-free  boundary,  such  as  a  free  sur¬ 
face  and  a  moving  wall  of  Couette  flow,  the  usual  lin¬ 
ear  or  nonlinear  stress-strain  relations  always  return  an 
isotropic  stress  field  corresponding  to  the  vanishment  of 
the  velocity  gradients.  Since  the  stress  field  is  significantly 
anisotropic  and  reaches  two-component  turbulence  at  a 
shear-free  boundary,  capturing  this  anisotropic  turbulence 
is  crucial  if  the  model  is  used  to  predict  scalar  diffusion 
processes  near  the  boundary. 

Moreover,  as  Fig  1  (a)  illustrates,  when  the  eddy  vis¬ 
cosity,  vt,  is  estimated  as  —uvj  V  „,  the  blocking  effect  on 
the  normal  fluctuating  velocity  results  in  significant  damp¬ 
ing  on  vt  near  a  free  surface  (y  =  6)  as  well.  Here,  6 
represents  the  channel  half-width  of  a  plane  channel,  the 
channel  width  of  a  plane  Couette  flow,  or  the  channel 
depth  of  an  open  channel.  Modelling  this  damping  ef¬ 
fect  is  generally  difficult  since  local  parameters  used  in  the 
usual  EVM’s  such  as  the  local  turbulent  Reynolds  number, 
Rt  =  fc2/( ve),  does  not  vanish  on  free  surfaces. 

Although  the  value  of  A2  reaches  2/3  on  a  shear-free 
boundary,  it  is  still  hard  to  characterize  shear-free  turbu¬ 
lence  with  the  behaviour  of  A2.  Thus,  the  CLS  model  also 
keeps  these  inherent  weeknesses  of  the  eddy  viscosity  mod¬ 


elling. 

Now,  the  presently  focused  parameter  is  Lumley’s  stress 
flatness  parameter  (Lumley,  1978),  A  =  1  —  9/8 (A2  —  A3), 
(A3  =  aijajkdki).  Since  it  always  vanishes  in  two- 
component  turbulence  as  shown  in  Fig  1  (6),  this  feature  is 
believed  to  be  very  useful  to  model  shear-free  turbulence. 
Therefore,  in  the  present  study,  it  was  decided  to  solve  a 
transport  equation  for  A  instead  of  A2  while  the  proposed 
model  took  over  basic  modelling  strategies  of  the  CLS  ver¬ 
sion. 

NONLINEAR  k-e-A  MODELLING 

The  present  modelling  strategy  also  complies  with  the 
basic  modelling  requirements  of  UMIST  that  are  to  avoid 
the  use  of  topographical  parameters  and  to  restrict  the 
effect  of  Rt  to  the  viscous  sublayer. 

The  constitutive  relation 

The  nonlinear  constitutive  relation  used  in  this  study  is 
the  cubic  model  of  the  CLS  version. 

Cij  =  UfUj/k  2/3<5u  =  CM  T  Si  j 

+cit2  ( StkSkj  -  VsSkiSktSij) 

+c2t2  ( ClikSkj  +  (IjkSki) 

+C3T2  (nikSljk  -  V3^1k^lkbij) 

+C4T3  (Skittij  +  SkjSlii)  Ski 

TC5T 

—  +  CgT3  Sij  S  klSkl 

+CjT3SijClktClkl  +  CaAij  (1) 

where  r  =  k/e,  StJ  =  Utj  +  Uht,  fltJ  =  UXtJ  -  Uj,t, 
i  =  e  —  2v  (y/k,i  )  ,  and  caAtj  is  an  additional  term  in¬ 
troduced  to  mimic  shear-free  turbulence  described  later. 

The  presently  proposed  form  for  is 


Cp  —  0.09c#1>1c#tijt  cfis , 

(2) 

and  each  contribution  is  modelled  as: 

CHA 

=  min[1.05, 1.2  {1  —  exp  (—A  —  (A/0.6)“)} 

+0.18(1  —  exp  (  — 10A)}V2] 

(3) 

CliRt 

=  1  +2Aexp(-Rt2/8100) 

(4) 

CRS 

=  min[l,1.2/(l +  O.O677)] 

(5) 

where 


77  —  ma  x(S,Cl)rv 

rv  =  1  +  0.9  jl+0.4/3exp(-^)i  j  exp  j-(^)2j 

q  =  1  +  2.6min[l,  Rt/200] 

P  =  min[10,  max(0, 5  —  5)] 
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Table  1  THE  EMPIRICAL  COEFFICIENTS 


Cl 

c2 

C3 

c4 

C5 

0.05/, 

0.11/, 

°-42/’sfn 

—0.8/c 

0 

- 

C6 

0.5  fc 


C7 

u 

fc 

0.5/c 

2/3r^(l-/0) 

'  2/3^ 

(1+1. 8lj)(l+0. 0086,)  J)1/2 

(l  +  1.8,)(l+0.45,2.5) 

and  S  =  r y/ SijSij/2,fl  =  Ty/QijQ.ij/2.  Since  i/,(=  c^kr) 
should  be  damped  near  the  two-component  limit,  the  pri¬ 
mary  damping  effect  for  c^  has  been  designed  to  be  ob¬ 
tained  from  CpA  which  decreases  as  A  does.  The  notable 
feature  of  the  form  of  is  that  the  damping  effect  from  Rt 
is  not  used,  in  fact,  of  Equation  (4)  is  not  a  damping 
function. 

The  additional  term  caA,y  is 

A-ij  =  c|,r2  Ak'jVAfcj  —  —SijVAktk'/Ak'i,'j  (6) 

c„  =  — (8/3)1^2/o/{1  +  2(AijAij)1/2} 
c'a  =  1/{1  —  exp(— fl</30)} 

fa  =  exp{-  (5/2.2) 2 } 

where  Rt  =  k2/( vi).  This  additional  term  has  been  de¬ 
signed  to  produce  the  limiting  values: 

“n(=  CaAu)  —  1/3,  a2 2(=  c„A22)  =  -2/3 

at  a  shear-free  boundary.  (Here,  the  index  “2”  denotes  the 
direction  normal  to  the  boundary.)  Thus,  the  inclusion  of 
this  term  enables  an  EVM  to  capture  shear-free  turbulence. 

Corresponding  to  these  modifications,  the  coefficients/ 
functions  given  in  Table  1  are  slightly  modified  ones  from 
the  CLS  model. 


The  A  transport  equation 

Deriving  the  exact  transport  equation  for  A  is  straight¬ 
forward  from  its  definition. 

DA  9  /rt,  \ 

=  ~  '  1‘lA^'Dkk  +  2 a.ij’Dij  —  3a,kakiT>ij ) 

' - - - -  - . ' 

VA 

~~  (3/2-4s Pkk  A  2a.ijPij  —  3a  J ki  P*]^ 

V-"  - V  — "  ■  ' 

Pa 

g 

—  g)T  (3/2-'^3 H tfc  t  2a, j nu  —  3o.j i a n 

nA 

+  8fc  (^2A3ekk  +  2a»J :£'i  “  3 ajkaki£ij)  (7) 

V—  - v  . .  ' 

‘A 

where  T>ij,  P,j,  Uij  and  e^  are,  respectively,  the  diffusive 
transport,  shear  generation,  pressure  correlation,  and  dis¬ 
sipation  rate  of  muj.  Amongst  them,  the  shear  generation: 

Pi]  =  -(u,^kU],k  +  uJukUitk) 

needs  no  further  approximation  while  the  recent  work  at 
UMIST  has  been  applied  to  the  other  terms. 

Pressure  correlation.  Following  Craft  k  Launder  (1996),  II, j 
is  divided  into  two  processes  as: 

ntJ  =<fo  +  II*^p,  (8) 

where  life  is  the  pressure  correlation  of  k  and 
4>*i]  =  +  <j>1j2  +<t>'ijh  ■ 


Then,  the  pressure  strain  model  developed  and  widely 
tested  at  UMIST  (see  Craft  k  Launder,  1996)  has  been 
adopted  for  and  <t>*j2.  After  moderate  algebra,  the 
expression  for  the  joint  process  of  Pa  +  II .4  reduces  to: 

Pa  +  ^a  =  |  (ci  +  Ja2)(2A2  -  3A3) 

+  cici  (2A3  -0.5A2)  j 

+  j  {OAbc’^ijPij  -  (0.6  +  0.3c'  )Pkk} 

~  ~  (3/2 A,#?  +  2a.^‘f  -  3ajkak,4>\f ) . 

(9) 

(Interestingly,  the  resultant  form  is  considerably  simple 
even  though  the  nonlinear  pressure  strain  model  has  been 
adopted.)  Although  Craft  k  Launder  (1996)  proposed  in- 
homogeneity  correction  terms  of  <t>'Ah ,  their  contribution 
combined  with  those  of  the  terms  with  <4  has  been  found 
to  be  fairly  small  in  the  present  work.  Therefore,  currently 
<t>\]h  =  0  and  the  coefficients/functions  used  are 


Cl 

=  3.1min(A2,0.5)/^/iil,  cj  = 

/flt 

=  min(i?t/160, 1) 

f  (A./14)* 

A,  <  0.05 

/+  = 

<  A,/0.7^ 

0.05  <  A,  <  0.7  , 

l  aI 

A,  >  0.7 

where  A,  is  the  stress  flatness  parameter  simply  processed 
from  the  calculated  stress  field  and  A2  is  redefined  as: 

A2  =  A3  +  8/9(1  -  A)  (10) 

using  A3  and  A  obtainable  from  the  stress  field  and  the 
transport  equation,  respectively. 

Dissipation  rate  tensor.  Craft  k  Launder  (1996)  proposed  a 
new  £ij  form  complying  with  the  shear-free  limit  as  well 
as  the  wall  limit  (Launder  k  Reynolds,  1983).  After  full 
consideration  of  their  form,  it  has  been  found  that  the  trun¬ 
cated  form: 

««  =  (1  "  ft)  (PtJ  +  «&)  / D  +  % heii,  (11) 

might  be  enough  in  the  present  practice,  where 

+  2  uf’ckhikk\.J^Sii  +  ^-e] 

s''  = 

D  =  (£'kk  +  £kk)/2e- 

Note  that  this  form  satisfies  at  least  the  wall  limit.  The 
e’ij  term  follows  the  CLS  model  while  the  e"j  term  has 
been  introduced  after  Craft  k  Launder  (1996)  with  their 
inhomogeneity  indicators : 

di  =  A;/[0.5  +  (NkNk)i],  Ni  =  l  (12) 

df  =  NA/ [0.5  +  {NaNa)  *],  NA  =  (lA*)  (13) 

where  l  =  kl  s/e.  Thus,  £a  reduces  to: 

«a  =  ik  [c3j43  -  2A2)/e£  +  (!  -  /=)!./'/£>  { 

(16/3  -  12A2)ai)-if,i^,J-4(A2  +  A3)k*  ,*£*,*} 
-2(1  -  fc)fR£/D  {(1.5A2  +4/3 )a,jdfdf 

+  (2A2  -A3)dAdA}  J  (14) 

D  =  1  +5/'i//£  (aijki a^,}  +2/3*:^ ,kk$ ,kj 

+Vr  {aijdAdf  +  2/zdAd£)  . 
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The  empirical  functions  used  are 

/*  =  (!- A)  min  [(ft/80)2, 1.0] 


The  coefficients  cc i  and  cc 2  Eire  taken  following  the  CLS 
practice: 


/«  =  (  X15'  nif0'1!  ’  fe  =  (1  ~  exp(— ili/5)}1/2  . 

}  At  0.15  <  A 

Diffusive  transport.  When  the  GGDH  diffusion  model  of 
Daly  &  Harlow  (1970): 

TV,  =  {  (vSki  +  c.u'tti/-)  UiUj,,}  (15) 

is  apphed,  the  2?^  term  reduces  to: 


T>a 


-  {(' 


v6kt  +  c,ukui 


+  £  (vtki  +  CaUi'Ui-'j  (fc/tA,,  +  fc,/A,*) 

~  8  "f  c’ukul  (6 aijOjm  kami  I  —  2aij  kaij  i)  ■ 


(16) 


Although  no  further  approximation  may  be  needed  for 
this  expression,  it  was  found  that  the  turbulent  part  of 
the  non  diffusive  elements  sometimes  leaded  to  an  unstable 
solution.  The  following  truncated  form  thus  has  been  used 
with  c,  =  0.22. 


T>A 


+ 


_ _ k 

c,uku,~ 


e 


k 


+  -—  (k,kAj  +  fc,/A(fc) 

~Z^bkl  [6 QijQjm  kQmi1l  ~  2ti,  ^  k^ij  /) 

o  1  ’  ’ 


(17) 


Modelling  the  A:  equation 

The  transport  equation  for  fc  may  be  written: 

Dfc 

—  =  T>k  +  lit  +  Pk  —  e.  (18) 

The  terms  which  need  modelling  in  the  k  equation  are  the 
diffusion  process,  T>k,  pressure  correlation  (pressure  diffu¬ 
sion),  I!*,  while  the  shear  generation,  Pk  =  PkkJ2,  needs 
no  further  approximation.  The  form  used  for  Vk  is  also 
the  GGDH  model: 

P>k  =  |  {v&k\  +  c,ukui—J  .  (19) 

The  pressure  diffusion  II  *  has  been  modelled  following 
Craft  &  Launder  (1996)  with  slightly  modified  coefficients 
as: 

11*  =  |  [(0.35d*  +  0.77 d£)  (i/eAA2fc)i  j  cpdlA2 

+  cpd2Rf  4  exp  (  — ft/40)  (20) 

cpd  1  =  1  +  2exp(  — ft/40),  cpd2  =  0.4. 


Modelling  the  e  equation 

As  in  the  CLS  model,  the  present  approach  also  takes 
the  quantity  i  els  the  subject  of  the  transport  equation  due 
to  its  convenient  wall  condition:  e  |„=  0.  The  modelled 
equation  for  i  may  be  written: 

Ds  £  s2  _ 

—  =  TV  +  Cel  Pk  7 Ct2  —  +  Pc 3  +  ft  1  +  Sc 2  .  (21) 

Dr  k  k 

where  Pc 3  is  the  gradient  production  Emd  Se  1 ,  5e2  are  ad¬ 
ditional  source/sink  terms.  For  the  diffusive  transport, 2?*, 
the  GGDH  model  has  been  also  applied  with  a  coefficient 

Cc  =  0.18. 

"Pi  =  {  ^Sk/  +  CeUkUi  — ■)  |  (22) 


cei  =  1.0  +  0.15(1  -  A),  cc2  =  1 .92/(1  +  0.7 AdA\/2) 

Ad  =  max[0.2,  Aj(ft/20)2/{l  +  (ft/20)2} 

The  gradient  production  term  also  takes  over  the  CLS 
model  with  slightly  retuned  coefficients  of  cc 3  =  1.3  and 

CC4  =  1.0. 

Vt 

Pc3  ~  CgSUUtU i,kjUilkj  Cc4V kfkUijUitkl  (23) 

The  currently  used  additional  term  fti  to  balance  the 
viscous  diffusion  is 

fti  =-(e-i)(i  -Pk)/k.  (24) 

The  second  additional  term  Sc2  is  a  modified  form  of 
the  additional  term  in  the  e  equation  of  Craft  &  Launder 
(1996)  which  is  needed  at  a  shear-free  boundary. 

ft2  =(1  -A)£(cpAk)iAtk(lA$)k  (25) 

Note  that  a  further  term  composed  of  some  length-scale 
gradients  as  in  the  CLS  model  should  be  involved  when 
applications  for  impinging  flows  Eire  considered. 

APPLICATIONS 

Homogeneous  strain  fields 

Firstly,  the  proposed  model  has  been  tested  in  homoge¬ 
neous  strain  fields  such  as  plane  strain,  axisymmetric  con¬ 
traction,  axisymmetric  expansion  and  homogeneous  shear 
flows. 

Fig  2  illustrates  the  time  evolution  of  turbulent  quan¬ 
tities  of  the  present  model  in  a  plane  strain  compared 
with  the  results  of  the  DNS  (Lee  &i  Reynolds,  1985),  the 
CLS  model  and  a  linear  EVM  (Launder  &  Sharma,  1974): 
LS.  The  compEtred  DNS  imposed  a  moderate  (alow)  initial 
strain:  So  =  1.0,  at  the  normalized  time:  t*  =  0,  where 

S*  =  ^-y/SijSij/2,  t*  =  ty/SijSij/ 2. 

The  time  evolutional  profiles  of  k  and  e  of  the  present 
model  accord  with  the  DNS  data  closer  than  those  of  the 
CLS  or  the  LS  model  as  shown  in  Fig  2(a),  (6).  Fig  2(c) 
shows  reEisonable  agreement  between  the  present  and  the 
DNS  results  in  the  Reynolds  stresses  (results  by  the  LS 
model  are  not  included  because  comparison  with  a  Unear 
EVM  in  the  Reynolds  stresses  would  not  be  helpful).  Since 
the  turbulent  Reynolds  number,  ft  of  this  case  ranges  be¬ 
tween  9.8  and  17.3,  even  the  very  weak  ft  damping  func¬ 
tion  in  the  constitutive  equation  of  the  CLS  model  reduces 
anisotropy  of  turbulence.  (The  removal  of  the  ft  damp¬ 
ing  function  from  the  CLS  model  resulted  in  a  better  pre¬ 
diction.)  The  present  model,  however,  shows  encourag¬ 
ing  results  due  to  its  exclusion  of  expUcit  ft  damping  on 
Reynolds  stresses.  The  obtained  initial  stress  fields  by  the 
present  and  the  CLS  models  are  not  isotropic  because  any 
Edgebraic  expression  for  Reynolds  stresses  does  not  com¬ 
ply  with  the  initiEd  condition  of  isotropic  turbulence  with 
straining.  This  affects  the  evolutional  profile  of  A,  conse¬ 
quently  as  shown  in  Fig  2(d),  the  presently  predicted  A 
evolves  faster  than  the  DNS  result. 

Fig  3  shows  the  time  evolutional  profiles  of  Reynolds 
stresses  in  the  other  homogeneous  strainings.  The  shown 
predicted  tendency  in  the  axisymmetric  contraction  Etnd 
expansion  is  similar  to  that  of  the  plane  strain  case.  In 
Fig  3(c),  the  computation  has  started  at  t*  =  4  for  the 
homogeneous  shesir  of  Lee  et  a/. (1990)  with  Sq  =  33.5. 
When  the  initial  strain  is  increased  significantly  to  such 
a  value,  the  present  algebraic  Reynolds  stress  expression: 
Equation  (1)  produces  a  highly  anisotropic  initial  stress 
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field  which  is  unacceptably  inconsistent  with  the  initially 
isotropic  condition  of  the  DNS.  (This  also  implies  that  an 
algebraic  model  is  not  adequate  for  rapid  deformations  as 
pointed  out  by  Reynolds  &  Kassinos  (1995)  while  it  might 
be  possible  to  remedy  this  anomaly  by  introducing  fur¬ 
ther  dependence  of  A.)  Then,  the  computation  has  started 
from  some  developed  condition.  Fig  3(c)  shows  that  both 
the  CLS  and  the  present  models  produce  fairly  reasonable 
stress  profiles.  Note  that  the  viscous  effect  has  no  effect  on 
the  results  in  this  case  since  the  range  of  Rt  is  high  enough. 

Wall  and  shear-free  flows 

Focusing  on  capturing  shear -free  turbulence,  the  model 
has  been  tested  in  a  fully  developed  open  channel  flow  and 
a  plane  Couette  flow  without  shear  on  the  moving  wall,  as 
well  as  plane  channel  flows  for  comparison.  The  compu¬ 
tations  have  been  performed  using  the  PASSABLE  code 
(Leschziner,  1982)  with  the  boundary  conditions  for  shear 
free  regions  (y  =  5): 

Plane  Channel  :  U,y  =  0,  k,y  —  0,  i,y  =  0,  A,y  =  0 
Open  Channel  :  U,y  =  0,  k,y  =0,  i,y  =  0,  A  =  0 
Plane  Couette  :  UlV  =  0,  k  =  0,  i  =  0,  A  =  0. 

Fig  4  shows  satisfactory  agreement  between  the  predicted 
mean  velocity  profiles  and  the  DNS  data  (channel:  Kim  et 
al.,  1987,  Kim,  1989;  Couette:  Kuroda  et  al.,  1995;  open 
channel:  Lombardi  et  al.,  1996).  (Note  that  the  plane  Cou¬ 
ette  flow  of  Kuroda  et  al. (1995)  is  not  purely  shear-free  at 
the  moving  wall  while  the  shear  is  very  low.)  Then  the 
predicted  turbulent  shear  stress  distributions  agree  quite 
well  with  the  DNS  results  as  shown  in  Fig  5.  Although 
each  strain  field  is  nearly  the  same  as  the  others,  the  stress 
field  in  the  shear-free  region  is  very  different  from  one  an¬ 
other.  Fig  6  compares  the  predicted  root  mean  square 
values  of  the  Reynolds  normal  stresses  with  the  DNS  re¬ 
sults.  The  agreement  between  the  prediction  and  the  DNS 
data  is  fairly  satisfactory  in  each  quantity  of  each  flow  field. 
Particularly,  the  present  model  successfully  demonstrates 
its  ability  to  capture  the  characteristic  behaviours  of  the 
Reynolds  normal  stresses  near  the  free  surface  where  only 
the  component  normal  to  the  surface  vanishes. 

Fig  7  compares  the  predicted  stress  flatness  parameters 
with  the  DNS  results.  Although  the  agreement  is  generally 
satisfactory,  values  in  high  turbulent  regions  are  underpre¬ 
dicted.  This  is  partly  because  of  the  truncation  made  in 
Equation  (17).  (Adopting  Equation  (16)  made  the  agree¬ 
ment  closer.)  According  to  the  predicted  behaviour  of  A 
which  produces  the  primary  damping  effect  on  vt  in  the 
present  model,  the  predicted  eddy  viscosity  behaves  rea¬ 
sonably  near  both  wall  and  shear-free  boundaries  sis  shown 
in  Fig  8.  (Obviously,  further  refinements  are  necessary.) 
Finally,  Fig  9  shows  good  accord  between  the  predicted 
dissipation  rate  and  the  DNS  data. 

CONCLUDING  REMARKS 

•  This  paper  has  presented  the  development  of  a  new  non¬ 
linear  k-e-A  three  equation  EVM  in  which  no  topographical 
parameters  are  used  and  the  effect  of  the  local  turbulent 
Reynolds  number  is  limited  to  the  viscous  sublayer. 

•  The  dependence  of  stress  flatness  parameter,  A ,  has  been 
used  to  capture  shear-free  turbulence  as  well  as  to  damp  the 
eddy  viscosity  near  two-component  turbulence  boundaries. 

•  The  latest  second  moment  closure  of  Craft  &  Launder 
(1996)  has  been  employed  to  close  the  A  equation. 

•  The  proposed  model  has  demonstrated  its  encouraging 
performance  to  capture  anisotropic  turbulence  near  both 
wall  and  shear-free  boundaries  as  well  as  in  homogeneous 
strainings. 

The  tests  of  the  model  in  more  complex  flow  fields  are 
currently  underway. 
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(Kuroda  et  al,  1995);  - .Channel  at  Re  =  2800  (Kim 

et  al.,  1987); - ,  Channel  at  Re  -  6875  (Kim,  1989). 
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Fig  6  TURBULENT  INTENSITIES:  key  as  Fig  4. 


Fig  9  TURBULENT  DISSIPATION  IN  THE  COUETTE 
FLOW:  key  as  Fig  4. 
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ABSTRACT 

The  purpose  of  the  work  is  to  develop  a  two-equation 
model  of  turbulence  for  aeronautical  applications.  Among 
others,  the  main  required  qualities  of  the  model  are  its  ro¬ 
bustness,  its  ability  to  predict  the  skin-friction  and  bound¬ 
ary  layer  separation.  To  achieve  these  goals,  certain  con¬ 
straints  have  been  imposed,  for  example  the  logarithmic 
law  of  the  wall  or  a  good  behaviour  near  the  edge  of  a 
shear  layer.  A  k  —  p  model  has  been  developed  in  which 
the  second  variable  is  p  —  e/Vk.  Comparisons  with  differ¬ 
ent  experimental  data  are  promising. 


term,  is  modelled  as: 


Dk 

Dt 


—  Pk  —  £  + 


d  T/+  _i^\  dk  ' 
dxk  L  \  <Tk)  dxk . 


(2) 


where  Pk  =  —  <  u'n'  >  dUi/dXj  stands  for  the  production 
of  turbulent  kinetic  energy.  The  length-scale  determining 
equation  is  sought  for  a  quantity 


(3) 


so  that  the  eddy  viscosity  reads 


INTRODUCTION 

The  goal  is  to  derive  a  new  two-equation  model  which 
improves  predictions,  compared  to  the  standard  k  —  e  and 
k  —  u>  models,  with  special  attention  to  aeronautical  appli¬ 
cations  such  as  the  flow  over  wings  and  fuselages. 

k  —  e  models  are  well  known  to  poorly  predict  flows  in 
adverse  pressure  gradient.  Moreover,  near-wall  corrections 
often  lead  to  numerical  stiffness.  The  k— u  model  proposed 
by  Wilcox  (1988)  seems  a  good  alternative  as  it  better 
predicts  adverse  pressure  gradient  flows,  is  easy  to  imple¬ 
ment  and  numerically  robust.  However,  Menter  (1992)  has 
shown  that  the  predictions  are  very  sensitive  to  the  value 
of  the  specific  dissipation  uj  in  the  external  flow.  This  pa¬ 
per  presents  an  attempt  to  develop  a  new  model  which  has 
the  same  numerical  stability  and  good  predictions  ability 
as  the  k  —  u>  model  but  is  not  sensitive  to  the  free-stream 
values. 

BASIS  OF  THE  k-ip  MODEL 
Model  form 

A  two-equation  model,  together  with  the  Boussinesq  hy¬ 
pothesis  for  the  eddy  viscosity 


is  sought  for.  The  transport  equation  for  the  turbulent 
kinetic  energy  k,  which  is  exact  except  for  the  diffusion 


vt  =  C„k2+n/m  p~1/m  (4) 

In  order  to  achieve  numerical  robustness,  the  length-scale 
determining  equation  is  assumed  to  have  the  following  form 


_  s~i  p  P  pr  -  , 

-Di-C^Pkk-C^kif>  + 


d 

dxk 


dip 

dxk 


(5) 


i.e.  a  simple  production/destruction  balance  together  with 
a  first  gradient  diffusion  law. 


Constraints 

The  model  is  required  to  satisfy  the  following  four  con¬ 
straints  : 

•  The  model  must  be  consistent  with  the  decay  law  of 
turbulence  in  homogeneous,  isotropic  turbulence,  in 
order  to  reproduce  the  turbulence  evolution  in  the 
free-stream; 

•  The  model  must  predict  a  y2  behaviour  of  the  turbu¬ 
lent  kinetic  energy  near  the  wall; 

•  The  model  must  be  consistent  with  the  standard  equi¬ 
librium  in  the  logarithmic  layer; 

•  The  model  must  give  the  correct  behaviour  of  the  tur¬ 
bulent  quantities  near  a  laminar /turbulent  interface. 
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Near-wall  behaviour  of  the  model 
In  the  near-wall  region,  advection,  production  and  turbu¬ 
lent  diffusion  are  negligible  so  that  the  transport  equations 
reduce  to 


0 


-k~n/mpl/m  +  i- 
oy 


(6) 


0 


-c2*fc-(1+n/nV+1/m 


(7) 


As  k  ~  Aky2  and  £  ~  y°,  we  have  ip  ~  Alfiy2n .  Replacing 
the  above  expansions  in  the  equations  yields  the  following 
relation 

n(2n  —  1)  =  C2v  (8) 

The  decay  of  isotropic  turbulence  imposes  C2tp  =  n+mCe2 
where  CC2  is  the  constant  used  in  the  k  —  e  model.  A  value 
of  1.92  has  been  kept  for  this  constant.  No  simple  values 
can  be  obtained  for  n  and  m.  An  approximate  solution 
(n  =  —0.5,  m  —  1)  has  thus  been  selected  so  that 


k 

1 


(9) 


This  choice  of  variable  yields  k  ~  y185  and  ut  ~  j/3'85. 


Logarithmic  region  behaviour 
The  balance  in  the  logarithmic  region  of  a  zero  pressure 
gradient  boundary  layer,  assuming  a  constant  shear  stress 
proportional  to  the  turbulent  kinetic  energy,  gives  the  re¬ 
lation 


O \p 


{C2<p 


civ)y/c; 


(10) 


where  n  and  -Jc^  are  respectively  the  von  Karman  and 
Bradshaw  constants. 


Behaviour  at  a  laminar /turbulent  interface 
At  the  outer  edge  of  the  boundary  layer,  production  and 
destruction  terms  as  well  as  longitudinal  advection  and  vis¬ 
cous  diffusion  are  neglected.  In  the  boundary  layer,  near 
the  edge,  it  can  be  shown  that  a  possible  solution  is 

u  =  u.-a(  (11) 

*  -  4- 1 (.2) 

=  c(  l-fp  (13) 

where  7  =  (2  +  n/m)ak  —  ov/m  and  A,  B  and  C  are  con¬ 
stants.  Following  Cazalbou  et  al.  (1994),  a  correct  edge 
behaviour  of  the  mean  velocity  profile  find  turbulent  quan¬ 
tities  imposes 


1  m 

n  '  1 Tip  <  Ok  <  ~z  ; 

2m  4 -n  2m  -I-  n 


(14) 


Discussion 

It  turns  out  that  the  near-wall  y2  behaviour  is  a  strong 
constraint  which  leads  to  the  form  of  the  variable  ip  but 
cannot  achieve  the  correct  near-wall  behaviour  for  the  eddy 
viscosity.  Moreover,  it  will  be  shown  later  that  the  model 
requires  near-wall  corrections.  However,  the  choice  of  ip 
can  be  justified  in  different  ways.  This  paper  will  focus  on 
the  improvement  that  this  choice  of  variable  brings  for  the 
prediction  of  the  outer  region  of  the  boundary  layer  with 
adverse  pressure  gradient.  The  choice  of  tp  also  greatly 
improves  compressible  flows  but  this  is  out  of  the  scope  of 
the  present  paper. 


MODEL  CALIBRATION:  SELF-SIMILAR 
BOUNDARY  LAYER  SOLUTIONS 

The  k  —  <p  model  has  first  been  tested  in  the  outer  part 
of  self-similar  boundary  layers.  These  tests  were  used  to 
set  the  values  of  the  constants  namely  : 


C iv  =  1.14,  C2,fi  =  1.42,  Ok  —  1.5,  ov  —  2 


Figure  1:  Self-similar  solution  for  the  outer  part  of  the 
boundary  layer  -  Zero  pressure  gradient  flow. 


Figure  2:  Self-similar  solution  for  the  outer  part  of  the 
boundary  layer  -  Strong  adverse  pressure  gradient  flow. 


For  the  outer  part  of  the  boundary  layer,  self-similarity 
is  achieved  provided  that  the  Reynolds  number  is  large 
enough  and  the  pressure  gradient  parameter  0 *  = 

(<5i /rw)dP/dx  is  constant,  where  is  the  displacement 
thickness  and  tw  the  wall  shear  stress. 

The  defect  velocity  F'  is  assumed  independent  of  the 
streamwise  distance  x  : 

%r=F'iri)  *=?  (15) 

where  UT  is  the  friction  velocity  and  6  the  boundary  layer 
thickness.  Self-similarity  is  also  assumed  for  the  reduced 
turbulent  shear  stress  profile  —  <  u'v'  >  /U2.  Then, 
the  equation  for  similarity  solutions  is  deduced  from  the 
streamwise  momentum  equation  and  is  solved  by  a  New¬ 
ton  procedure.  F'  is  depicted  for  the  zero  pressure  gradient 
case  and  a  strong  adverse  pressure  gradient  case.  For  the 
zero  pressure  gradient  case,  the  profile  is  plotted  versus 
the  Clauser  thickness  A  —  J  F'dy  in  figure  1.  The  present 
model  gives  good  results,  as  the  k  —  e  model  does,  whereas 
the  k  —  ui  is  less  accurate. 

For  the  strong  adverse  pressure  gradient  case,  the  predic¬ 
tions  are  compared  to  Skare  and  Krogstad  (1994)  results 
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in  figure  2.  As  in  the  experiments,  the  profiles  are  plot¬ 
ted  with  respect  to  the  boundary  layer  thickness  6.  The 
present  model  is  far  better  than  the  k  —  e  model  and  even 
the  k  —  uj  model  in  the  second  case  close  to  separation, 
and  manages  to  predict  the  bending  point  of  the  velocity 
profile. 

It  has  also  been  tried  to  optimize  the  constants  of  the  k— 
e  and  k  —  uj  models  to  improve  their  predictions  but  no 
significant  improvement  has  been  achieved. 


APPLICATION  TO  FREE  SHEAR  FLOWS 

Fully  turbulent,  high  Reynolds  number  free  shear  flows 
developing  over  a  long  distance  tend  towards  a  self-similar 
state,  both  for  the  mean  and  the  turbulent  motion.  These 
self-similarity  solutions  provide  good  challenges  to  test  tur¬ 
bulence  models  without  the  difficulties  linked  to  the  vicin¬ 
ity  of  the  wall.  Four  two-dimensional,  incompressible  self- 
similar  flows  have  been  investigated. 

For  the  plane  wake  (figure  3),  the  self-similar  solution  is 
sought  as 

Uqc  U  rV  /  \  U  /1C\ 

v-tj-=FW  ,=  ?  (16) 

where  Uoo ,  Ucl  and  6  are  respectively  the  external  velocity, 
the  centerline  velocity  and  the  wake  thickness.  Both  the 
reduced  mean  velocity  and  Reynolds  stress  profiles  com¬ 
pare  favorably  with  the  Wygnanski  et  al.  (1986)  experi¬ 
ment,  as  shown  in  figure  3.  Both  profiles  smoothly  reach 
a  zero  value  at  the  wake  edge.  However,  the  turbulent 
kinetic  energy  is  overestimated  near  the  wake  axis  and  un¬ 
derestimated  in  the  outer  region.  The  good  comparison 
is  not  surprising  as  the  constants  of  the  k  —  (p  model  have 
been  optimized  according  to  the  outer  region  of  a  boundary 
layer  which  behaves  like  a  wake.  The  wake  spreading  rate 
is  the  longitudinal  variation  of  the  wake  thickness  defined 
as  the  distance  between  the  centerline  and  the  point  where 
F'  =  0.5.  The  model  predictions  are  in  fair  agreement  with 
the  experiment,  both  giving  a  value  close  to  0.27. 


Figure  3:  Non-dimensional  velocity  (left)  and  Reynolds 
stress  (right)  profiles  for  the  self-similar  plane  wake. 


For  the  plane  mixing  layer  (figure  4),  the  self-similar  so¬ 
lution  is  sought  as 

If  ^2  rp/  /  \  V  /17\ 

U^uTFir,)  v=^  (17) 

where  U\ ,  U2  and  6  are  respectively  the  velocities  of  the  fast 
and  slow  streams  and  the  mixing  layer  thickness.  Various 
velocity  ratios  U2/U1  have  been  investigated  and  results 
for  a  ratio  of  0.6  are  presented  in  figure  4  and  compared 
with  Bell  and  Mehta  (1990)  experiment.  The  velocity  pro¬ 
file  is  fairly  reproduced  but  both  the  turbulent  kinetic  en¬ 
ergy  and  the  Reynolds  stress  are  slightly  underestimated. 
Therefore,  the  mixing  layer  spreading  rate  is  underesti¬ 
mated.  When  the  mixing  layer  thickness  is  defined  as  the 
distance  between  the  points  where  F'  =  0.1  find  F'  =  0.9, 


Figure  4:  Non-dimensional  velocity  (left)  and  Reynolds 
stress  (right)  profiles  for  the  self-similar  plane  mixing  layer. 


the  experiment  gives  a  spreading  rate  value  of  0.032  while 
the  model  yields  0.030. 

For  the  plane  or  round  jet,  the  self-similar  solution  is 
sought  as 

h =f'^  (18) 

where  Ucl  and  6  are  respectively  the  centerline  velocity 
and  the  jet  thickness.  Model  predictions  for  the  plane  jet 
are  compared  to  the  Gutmark  and  Wygnanski  (1976)  ex¬ 
periment  in  figure  5.  As  previously,  the  maximum  turbu¬ 
lent  kinetic  energy  and  Reynolds  stress  are  underestimated. 
However,  both  the  turbulent  kinetic  energy  and  Reynolds 
stress  are  now  overestimated  in  the  outer  part  of  the  jet. 
Therefore,  the  predicted  mean  velocity  profile  exhibits  less 
curvature  than  the  experimental  one.  The  model  repro¬ 
duces  fairly  well  the  jet  spreading  rate,  defined  in  the  same 
way  as  for  the  wake;  model  and  experiment  both  give  val¬ 
ues  of  0.10. 


Figure  5:  Non-dimensional  velocity  (left)  and  Reynolds 
stress  (right)  profiles  for  the  self-similar  plane  jet. 


Figure  6:  Non-dimensional  velocity  (left)  and  Reynolds 
stress  (right)  profiles  for  the  self-similar  round  jet. 


As  expected,  the  model  is  unable  to  solve  the  round 
jet/plane  jet  anomaly.  Compared  to  Ninomiya  and  Kasagi 
experiment  (1993),  the  model  overestimates  the  turbu¬ 
lence  levels  and  hence  the  spreading  rate.  The  experimen- 
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tal  spreading  rate  is  0.09  while  the  predicted  one  is  0.14! 
Pope’s  correction  (1978),  which  adds  a  source  term  based 
on  the  vortex  stretching  invariant  in  the  dissipation  rate 
equation,  improves  the  prediction.  Without  any  tuning  of 
the  constant  in  Pope’s  correction,  the  agreement  is  good,  as 
shown  in  figure  6  but  the  Reynolds  stress  and  the  spreading 
rate  are  underpredicted,  the  spreading  rate  is  now  0.076. 

EXTENSION  TO  BOUNDARY  LAYERS 


Wall  damping  functions 

Tests  of  the  model  in  a  boundary  layer  program  have 
shown  that  it  reproduces  the  near-wall  region  and  the  slope 
of  the  logarithmic  region  but  not  the  buffer  region,  in  agree¬ 
ment  with  Huang  and  Bradshaw  (1995)  analysis.  There¬ 
fore,  wall  corrections  are  required. 

A  first  strategy  is  to  derive  wall  damping  functions.  The 
technique  developed  by  Aupoix  et  al.  (1993)  has  been  ex¬ 
tended  to  two-equation  models.  The  wall  region  is  treated 
as  a  one-dimensional  flow.  In  the  wall  unit  system,  the 
equations  reduce  to 
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where  [dll+  / dy+Y  is  the  turbulent  production. 

The  mean  flow  profile  is  imposed  from  a  corrected  mixing 
length  model  solution.  The  assumption  of  a  constant  total 
shear  in  the  near-wall  region  yields  the  eddy  viscosity  pro¬ 
file.  The  above  two  equations  can  be  solved  to  determine 
the  fc+  and  <p+  profiles  from  which  a  damping  form  for 
the  eddy  viscosity  can  be  deduced  to  retrieve  the  imposed 
eddy  viscosity  profile.  However,  no  correct  solution  can  be 
achieved  this  way  as  the  near  wall  balance  of  tp  is  poor.  A 
damping  term  is  also  needed  for  C2p. 

To  determine  it,  the  dissipation  length  scale  is  imposed 
using  Chen’s  model.  The  dissipation  thus  reads 


p+Vk+=k+3/2/l+  (19) 


With  an  imposed  distribution  for  l+ ,  the  k+  equation  can 
first  be  solved  and  yields  the  kinetic  energy  profile.  The 
ip+  profile  is  thus  given  by  equation  (19).  As  p+  must  still 
satisfy  its  transport  equation,  a  damping  of  the  C2p  coeffi¬ 
cient  is  determined  to  balance  the  p+  transport  equation. 
The  damping  of  the  eddy  viscosity  is  obtained  as  previously 
to  retrieve  the  prescribed  eddy  viscosity  profile. 

The  so-derived  model  allows  to  finely  reproduce  the  near¬ 
wall  region  but  the  original  simplicity  and  robustness  of  the 
model  in  the  near- wall  region  is  lost. 


Two-laver  approach 

An  alternative  is  to  use  the  k  —  tp  model  only  in  the 
outer  part  of  the  boundary  layer  where  it  has  an  excellent 
behaviour  and  to  use  another  model  to  treat  the  near-wall 
region.  First  tests  were  performed  with  the  modified  ver¬ 
sion  of  the  Norris  and  Reynolds  one-equation  model  pro¬ 
posed  by  Aupoix  et  al.  (1993). 

As  the  k— w  model  has  a  good  numerical  behaviour  in  the 
wall  region,  it  is  now  currently  used  as  the  near- wall  model. 
The  k  —  u>/k  —  tp  composite  model  has  a  good  numerical 
robustness  but  is  unable  to  finely  predict  the  turbulent 
kinetic  energy  profile,  as  the  k  —  w  model.  Moreover,  both 
u)  and  p  are  infinite  at  the  wall  as,  in  the  near-wall  region 


C2uy2 


<p  = 


6i 'CuVk 
C2uy2 


(20) 


The  second  equation  shows  that  the  behaviour  of  tp  near 
the  wall  is  coupled  to  the  behaviour  of  k.  The  use  of  us 
near  the  wall  leads  to  a  simpler  boundary  condition. 

As  it  is  difficult  to  implement  a  two-layer  model  in  a 
Navier-Stokes  solver,  the  tp  equation  is  rewritten  in  terms 
of  uj.  In  equation  (5),  the  variable  change  tp  =  C^ujy/k 
leads  to  : 


Du) 

~Dt 


+ 

+ 


with  vt  —  k/u>,  and  the  constants  : 


Ciu,  =  {Clv  -  1/2)  =  0.64,  C2u  =  C^{C2v  -  1/2)  =  0.0828 
crk  =  1.5,  0-^  =  2 

In  the  inner  and  logarithmic  layer,  the  blending  function 
/i  is  set  to  0  since  additional  diffusion  terms  must  be  re¬ 
moved  in  order  to  obtain  a  fc  —  ui  model.  The  model  thus 
reduces  to  a  k  -  u)  model  with  modified  coefficients  C\u 
and  C2u  to  be  consistent  with  the  fc  —  tp  model. 

In  the  outer  layer,  the  additional  diffusion  terms  are  ac¬ 
tive  and  fi  is  gradually  set  to  1.  Tests  on  self-similar  flows 
showed  that  the  blend  between  both  models  must  be  per¬ 
formed  below  y/6= 0.3  so  as  to  keep  the  fc  —  tp  model  char¬ 
acteristics  in  the  outer  region.  Presently,  only  a  tentative 
form  for  fi  has  been  used.  It  reads 
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Moreover,  for  Navier-Stokes  computations,  the  additional 
terms  have  to  be  set  to  zero  (/i  =0)  outside  of  the  bound¬ 
ary  layer  in  order  to  avoid  numerical  problems. 

Examples  of  test  cases 

This  k—ui/k  —  tp  composite  model  has  been  implemented 
in  a  boundary  layer  code. 

The  skin  friction  prediction  versus  Reynolds  number  for 
a  zero  pressure  gradient  boundary  layer  flow  has  first  been 
investigated.  Figure  7  shows  that  skin  friction  remains 
3%  to  5%  higher  than  the  Karman-Schcenherr  correlation 
(noted  K-S)  over  all  the  studied  Reynolds  number  range, 
i.e.  up  to  Re  =  105.  This  is  consistent  with  a  slight  un¬ 
derestimation  of  the  intercept  of  the  logarithmic  law  of  the 
wall  due  to  the  change  of  coefficients  in  the  model  near  the 
wall,  compared  to  the  original  fc  —  u)  model. 

The  Samuel  and  Joubert  flow  (1974)  has  been  selected 
to  investigate  the  response  of  the  model  to  an  adverse  pres¬ 
sure  gradient.  While  k  —  e  models  are  unable  to  reproduce 
the  fall  of  the  skin- friction  coefficient,  the  present  model 
performs  well,  as  shown  in  figure  8.  Quite  similar  results 
can  be  achieved  with  the  fc  —  w  model  but  the  prediction 
is  thus  very  sensitive  to  the  edge  value  of  the  specific  dis¬ 
sipation  U). 

APPLICATIONS  TO  NAVIER-STOKES  SO¬ 
LUTIONS 

A  transonic  two-dimensional  computation  around  the 
CAST7  airfoil  is  reported  here.  The  flow  has  been  inves¬ 
tigated  by  Seraudie  et  al.  (1984).  Free-stream  conditions 
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Figure  10:  CAST7  airfoil  -  Local  Mach  number  -  a  =  2°. 


Figure  7:  Skin-friction  coefficient  prediction  for  zero- 
pressure  gradient  boundary  layer. 
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Figure  8:  Skin-friction  coefficient  prediction  for  the 
Samuel  and  Joubert  adverse  pressure  gradient  experiment. 


Figure  11:  CAST7  airfoil  -  Local  Mach  number  -  a  —  3°. 


are  —  0.7,  a  —  1°,2°,3°  and  Rec  =  410®.  Transi¬ 
tion  is  tripped  by  a  roughness  band  at  7%  of  chord  length. 
Figures  9  to  11  show  the  local  isentropic  Mach  number  Mi 
calculated  from  the  pressure  coefficient  for  the  different  an- 
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Figure  9:  CAST7  airfoil  -  Local  Mach  number  -  a  =  1°. 


gles  of  attack.  Surface  pressure  is  well  predicted.  In  par¬ 
ticular,  the  evolution  of  the  shock  wave  location  with  the 
angle  of  attack  is  close  to  experiment:  between  1°  and  3° 
angle  of  attack,  the  shock  wave  moves  from  the  reduced 
abscissa  x/c  =  0.215  to  x/c  —  0.45.  At  3°  angle  of  at¬ 
tack,  the  slope  of  the  pressure  increase  corresponding  to 
the  shock  is  accurately  predicted,  but  the  computed  shock 
location  is  3%  downstream  the  experimental  one.  It  must 
be  noticed  that  shock  location  is  very  sensitive  in  the  case 
of  CAST7  airfoil.  The  presence  of  boundary  layers  along  the 
side-walls  of  the  wind  tunnel  generates  three-dimensional 
effects  which  may  explain  this  discrepancy  with  the  exper¬ 
iment.  These  effects  are  negligible  at  low  angle  of  attack, 
which  explains  good  results  for  a  —  1°.  For  a  —  3°,  a  per¬ 
fect  agreement  with  experiment  is  obtained  with  a  0.005 
decrease  on  Moo.  This  value  is  consistent  with  correction 
bracket  of  side-wall  effects  deduced  from  numerical  studies 
of  the  viscous/inviscid  coupling  (Archambaud  et  al.  (1993), 
Bezard  (1996)) 

Figure  12  shows  the  shape  factor  H  on  the  upper  sur¬ 
face  of  the  airfoil  for  a  =  3°.  Shock/Boundary-Layer  in¬ 
teraction  is  characterized  by  a  sharp  increase  of  H .  This 
rise  of  integral  quantities  increases  with  shock  intensity. 
The  k  —  ip  model  predicts  the  higher  maximum  which  con¬ 
firms  that  this  model  gives  good  results  in  pressure  gradient 
flows.  As  a  consequence,  the  distortion  of  the  velocity  pro¬ 
files  caused  by  the  destabilization  of  the  boundary  layer 
is  more  significant  with  the  k  —  ip  model.  Moreover,  this 
model  gives  thicker  boundary  layers  downstream  the  shock 
wave.  Though  the  k  —  £  model  gives  correct  shapes  of  ve- 
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development  and  testing. 
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Figure  12:  Shape  factor  on  the  upper  surface  of  CAST7  air¬ 
foil. 

Velocity  profile  upstream  the  shock  wave  is  depicted  in 
figure  13  for  two  free-stream  values  of  to,  uie 2  and  ojei  with 
uie2  =  20  Wei-  The  solution  obtained  with  the  k—tp  model  is 
not  sensitive  to  free-stream  values,  while  the  one  obtained 
with  the  k  —  uj  model  is. 


•JO: 


Figure  13:  CAST7  airfoil  -  Velocity  profile  at  x/c  =  0.3 


CONCLUSION 

In  order  to  construct  a  two-equation  model,  the  choice 
of  the  Adequation  seems  to  be  very  natural  but  there  are 
many  possibilities  for  the  second  variable.  Following  the 
same  lines  as  in  this  paper,  a  systematic  study  of  different 
choices  could  be  interesting. 

The  new  k  —  tp  model  which  has  been  described  has  good 
qualities  of  robustness.  In  particular,  its  behaviour  at  the 
edge  of  a  shear  layer  is  much  better  than  for  a  A:  -  u>  model. 
The  tests  have  shown  that  the  model  produces  good  results 
for  boundary  layers,  especially  with  positive  pressure  gra¬ 
dients,  for  wakes,  mixing  layers  and  two-dimensional  jets. 
These  characteristics  are  important  for  aeronautical  appli¬ 
cations.  Corrections  were  necessary  for  the  round  jet.  At 
the  present  stage  of  development,  the  model  needs  to  be 
refined  in  the  vicinity  of  the  wall. 
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INTRODUCTION 

While  the  turbulent  2D  channel  flow  at  time  invariant 
boundary  conditions  is  one  of  the  most  studied  shear  flows 
in  turbulence  research,  far  less  is  known  about  the  same 
flow  when  subjected  to  unsteady  boundary  conditions.  On 
the  other  hand,  the  effects  of  unsteadiness  imposed  on  tur¬ 
bulent  shear  flows  are  encountered  in  quite  a  few  cases  of 
practical  importance  (e.g.,  sound  propagation  through  flow 
ducts,  heat  transfer  in  pulsating  flow,  sediment  transport 
by  unsteady  flow,  etc).  Several  experimental  investigations 
of  the  unsteady  channel  flow  have  been  performed  dur¬ 
ing  the  past  decade,  however,  these  have  been  constricted 
to  local  measurements  of  the  fluctuating  velocity  or  wall 
shear  stress  in  most  cases.  So  our  knowledge  on  the  spatial 
and  temporal  structure  of  the  flow  is  mainly  based  on  the 
temporal  structure  of  the  measured  signals.  The  tempo¬ 
ral  modulation  of  the  spatial  structure  of  the  flow  that  is 
caused  by  the  imposed  unsteadiness  is  far  from  being  fully 
accessible  so  far. 

The  unsteadiness  is  imposed  on  the  mean  flow  either  by 
harmonic  oscillation  of  the  longitudinal  pressure  gradient 
or,  alternatively,  longitudinal  oscillation  of  one  or  both  the 
walls  of  the  2D  channel:  uwaii(f)  =  uw  cos(27r/wt),  u  = 
velocity  component  in  the  streamwise  direction  (for  further 
notations  see  the  appendix).  From  a  physical  point  of  view 
both  these  methods  to  impose  unsteadiness  on  the  flow  are 
equivalent:  in  both  cases  the  unsteady  deformation  of  the 
phase  averaged  flow  field  consists  of  a  shear  wave  going  out 
from  the  wall. 

The  decay  of  the  shear  wave  as  a  function  of  the  dis¬ 
tance  from  the  wall  becomes  steeper  when  the  frequency 
is  increased,  so  above  a  certain  frequency,  the  unsteady 
deformation  of  the  flow  is  restricted  to  the  passive  vis¬ 
cous  sublayer.  Therefore,  the  reaction  of  the  turbulence  to 
the  imposed  unsteadiness  is  expected  to  disappear  at  these 
high  frequencies;  this  is  even  more  so  since  the  structure 
of  the  turbulence  needs  some  time  to  adjust  to  a  change 
of  the  mean  flow  field,  i.e.  the  turbulence  is  expected  to 
be  unable  to  follow  rapid  oscillations  of  the  mean  flow.  In 
fact,  this  anticipated  dependency  on  the  frequency  is  found, 
e.g.,  with  the  response  of  the  intensity  of  the  streamwise 
velocity  fluctuations. 


On  the  other  hand  the  power  spectral  density  of  the 
streamwise  velocity  is  strongly  modulated  even  at  high  im¬ 
posed  frequencies,  particularly  when  the  flow  is  forced  by 
an  unsteady  pressure  gradient.  It  could  be  shown  that  this 
periodic  redistribution  of  the  intensity  within  the  spectrum 
is  caused  by  the  periodic  change  of  the  speed  by  which 
the  turbulence  is  convected  past  the  probe  (Ickler  et  al., 
1997).  While  the  change  of  the  convection  speed  cannot 
change  the  intensity  of  the  measured  velocity  fluctuations, 
the  intensity  of  the  turbulent  wall  shear  stress  fluctuation 
has  been  found  to  sensibly  respond  to  oscillations  of  the 
mean  pressure  gradient  even  at  the  highest  imposed  fre¬ 
quency  (Mao  &  Hanratty,  1986,  Finnicum  &  Hanratty, 
1988,  Tardu  &  Binder,  1993).  In  fact  it  is  conceivable  that 
convected  pressure  fluctuations  generate  a  convected  vis¬ 
cous  shear  stress  pattern  at  the  wall  the  intensity  of  which 
depends  on  the  convection  speed,  however,  the  amplitude 
and  even  the  sign  of  this  effect  depends  on  details.  So  the 
physical  mechanisms  behind  the  observed  response  of  the 
shear  stress  fluctuation  remains  an  open  question. 

The  direct  numerical  simulation  of  the  flow  under  consid¬ 
eration  is  performed  in  order  to  support  the  experimental 
findings  and,  above  all,  to  get  access  to  quantities  that  can¬ 
not  be  measured  but  by  unreasonable  efforts.  At  the  time 
of  writing  only  the  first  results  of  the  simulation  are  avail¬ 
able.  Regarding  the  question  outlined  in  the  previous  para¬ 
graph  these  first  simulations  have  been  focussed  on  high 
forcing  frequencies.  The  result  will  be  presented  and  will 
be  compared  to  the  available  experimental  data.  However, 
in  view  of  some  minor  not  yet  fully  explained  discrepancies 
between  the  experimental  and  the  numerical  results  con¬ 
cerning  the  unforced  part  of  the  flow,  we  restrain  ourselves 
from  extensive  interpretations  of  the  results  (nevertheless 
it  is  rather  unlikely  that  these  discrepancies  have  a  large 
effect  on  the  unsteady  response  of  the  flow).  We  expect 
that  the  problems  will  be  fixed  and  the  set  of  numerical 
data  will  be  more  complete  at  the  time  of  the  meeting. 

THE  NUMERICAL  SIMULATION 

In  the  direct  numerical  simulation  a  finite  difference 
scheme  is  used  to  solve  the  three-dimensional,  time- 
dependent  incompressible  Navier  Stokes  equations.  The 
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Figure  1:  Mean  velocity  profile,  numerical  experiment:  — , 
real  experiment:  □  □  □ 


applied  algorithm  is  based  on  a  fractional-step  scheme  de¬ 
veloped  by  Chorin  (1669).  The  time-advancement  is  di¬ 
vided  into  two  half  steps.  First  an  intermediate  veloc¬ 
ity  field  is  computed  from  the  diffusion-convection  Navier 
Stokes  equations,  i.e.  without  consideration  of  any  pres¬ 
sure  gradients,  while  in  the  second  step  this  intermediate 
field  will  be  projected  onto  a  divergence-free  vector  field. 
For  this  purpose  a  Poisson  equation  for  the  pressure  has 
to  be  solved  which  is  accomplished  directly  by  means  of  a 
Fourier  transform  method.  Upwind-biased  differences  are 
used  for  the  spatial  discretisations  and  an  explicit  Adams 
Bashforth  scheme  for  the  time  discretisation.  The  fully 
developed  turbulent  flow  is  homogeneous  in  the  stream- 
wise  and  the  spanwise  directions,  and  we  make  use  of  peri¬ 
odic  boundary  conditions  in  these  directions.  The  no-slip 
boundary  condition  for  the  velocity  is  used  at  the  walls, 
while  ad  hoc  boundary  conditions  for  the  pressure  sire  un¬ 
necessary  because  of  the  employment  of  a  staggered  grid. 

The  numerical  experiments  are  carried  out  at  a  Reynolds 
number  of  Rer  =  200  based  on  the  friction  velocity  and 
the  channel  half  width,  which  compares  well  with  the 
Reynoldsnumber  of  the  real  experiments  (ReT  =  214). 
While  the  real  experiments  besides  being  performed  with 
an  oscillating  wall  have  also  been  carried  out  with  an  os¬ 
cillating  pressure  gradient,  the  numerical  experiment  was 
restricted  to  the  case  of  oscillating  walls;  in  fact  both  the 
walls  were  oscillated  in  antiphase. 

Because  of  the  limited  core  memory  of  the  workstation 
(Sparc  Ultra  1)  that  has  been  used  for  the  simulation  so 
far,  the  grid  had  to  be  confined  to  64x65x64  (nx,  ny,  nz) 
grid  points.  In  the  direction  of  the  mean  flow  x,  the  grid 
points  are  equally  spaced  over  a  length  of  5  channel  heights 
while  only  a  width  of  1.5  channel  heights  is  covered  in  the 
spanwise  direction  z.  There  are  indications  that  the  com¬ 
promise  between  the  extension  of  the  computational  do¬ 
main  and  the  spatial  resolution  is  particularly  critical  in 
the  spanwise  direction.  In  the  normal  direction  y  the  spac¬ 
ing  smoothly  increases  from  the  wall  to  the  centerline  of  the 
channel.  While  the  autocorrelation  function  of  the  velocity 
can  be  expected  to  decay  within  the  computational  domain 
the  correlation  length  of  the  pressure  probably  exceeds  the 
extension  of  the  computational  domain.  So  we  have  to  be 
prepared  for  certain  effects  of  the  restricted  computational 
domain  on  the  results.  However,  the  future  simulations  by 
means  of  a  more  powerful  computer  will  be  performed  on 
a  finer  grid  and  a  more  extended  computational  domain. 
So  the  effects  of  these  parameters  should  become  obvious. 

FIRST  RESULTS 

The  results  obtained  so  far  are  based  on  two  simula¬ 
tions  that  have  been  performed  at  two  different  frequencies 


Figure  2:  Root-mean-square  velocity  and  pressure  fluctua¬ 
tions  normalized  by  wall  parameters,  the  symbols  denote  the 
results  of  a  real  experiment 


/jJ  =  0.01  and  /(J  =  0.025  in  the  quasilaminar  regime  (i.e. 
the  effect  of  the  Reynolds  shear  stress  on  the  propagation 
of  the  shear  wave  can  be  disregarded).  The  phase  averages 
of  the  streamwise  velocity  u  and  of  the  Reynolds  stress 
tensor  as  well  as  of  the  variance  of  the  pressure  have  been 
evaluated.  The  departure  of  the  mean  values  of  these  quan¬ 
tities  from  experimental  data  or  from  simulated  flows  with 
time  invariant  boundary  conditions  (e.g.  Kim  et  al.,  1987, 
Rai  &  Moin,  1991)  is  not  negligible  and  needs  further  in¬ 
vestigation.  Whether  or  not  these  differences  significantly 
affect  the  response  of  the  flow  to  the  oscillation  of  the  walls 
remains  to  be  studied  as  well.  However,  we  suppose  that 
the  results  reflect  the  right  order  of  the  effects. 

Long  Time  Averages 

The  figures  1  and  2  show  as  functions  of  the  normal  co¬ 
ordinate  y  the  mean  flow  velocity  u  as  well  as  the  tur¬ 
bulent  fluctuations  of  the  three  velocity  components  urm3, 
frms,  u>!m,  and  of  the  pressure  plms.  While  the  experimen¬ 
tal  data  of  u  and  urms  are  satisfactorily  reproduced  in  the 
viscous  sublayer  the  results  of  the  simulation  clearly  ex¬ 
ceed  the  experimental  values  in  the  buffer  layer  and  in  the 
outer  layer.  Yet  the  ratio  uTms/u  is  fairly  reproduced  for 
all  distances  from  the  wall.  It  should  be  mentioned  in  this 
context,  that  the  average  of  the  wall  shear  stress  averaged 
over  both  the  walls  has  been  kept  constant  at  each  time 
step.  This  implies  that  the  pressure  gradient  as  well  as  the 
volume  flux  vary.  While  these  variations  are  very  slow  the 
amplitudes  are  high  (rms-value  of  the  centerline  velocity: 
ca.  5%).  This  possibly  explains  the  high  values  of  uTrns. 
The  fluctuations  of  the  normal  and  the  spanwise  velocity 
as  well  as  of  the  pressure  have  been  compared  to  simula¬ 
tions  that  have  been  performed  at  time  invariant  boundary 
conditions  (Kim  et  al.,  1987),  and  have  been  found  in  much 
better  agreement  than  urm3.  The  high  value  of  the  mean 
shear  rate  du/dy  in  the  buffer  layer  coincides  with  an  over¬ 
shoot  of  the  Reynolds  shear  stress.  So  it  seems  that  the 
divergence  of  the  momentum  transport  is  underestimated 
maybe  due  to  the  large  spacing  of  the  grid  points  in  the 
core  region  of  the  flow. 

Shear  wave 

The  most  prominent  feature  of  the  response  of  the  flow  to 
the  oscillation  of  the  walls  is  the  shear  wave  that  is  excited 
at  the  wall  and  is  propagated  towards  the  central  region  of 
the  flow.  Figure  3  shows  the  logarithm  of  the  normalized 
amplitude  and  the  phase  of  u(t)  =  ( u(t ))  —  Ti  compared  to 
the  Stokes  solution  u(t)  =  ttw  3?{exp[f27r/Mt  —  (1  +  i)y/Zs]} 
that  describes  the  laminar  flow  field  in  front  of  an  oscil- 
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Figure  3:  The  natural  logarithm  of  the  magnitude  (•  •  •)  and 

the  phase  ( - )  of  u/uK  compared  to  the  Stokes  solution 

( — ).  Equivalent  curves  pertain  to  the  shear  waves  at  the  two 
oscillating  walls  in  the  numerical  simulation,  indicating  the 
uncertainty  of  the  phase  averages. 


Figure  4:  Comparison  between  the  turbulent  part  of  oscil¬ 
lating  shear  stress  and  the  viscous  shear  stress  of  the  Stokes 
wave'  /m  =  0-025.  The  solid  and  the  dashed  curve  are  ob¬ 
tained  at  the  two  walls. 


lating  wall.  Within  the  first  two  or  three  Stokes  lengths 
(ls  =  y/ v/ jt/m  )  excellent  agreement  between  the  numerical 
simulation  and  the  Stokes  solution  is  found.  This  indicates 
that  according  to  the  expectation  the  interaction  between 
the  turbulent  flow  and  the  shear  wave  is  too  weak  to  cause 
any  sensible  effect  on  the  propagation  of  the  shear  wave  in 
the  near  wall  region.  This  is  so  at  both  the  frequencies  of 
the  two  numerical  experiments  reported  here.  A  compar¬ 
ison  between  the  turbulent  part  of  oscillating  shear  stress 
and  the  viscous  shear  stress  of  the  Stokes  wave  is  shown 
in  figure  4  for  the  higher  modulation  frequency.  The  pen¬ 
etration  depth  of  the  shear  wave,  i.e.,  the  Stokes  length 
increases  when  the  frequency  decreases;  so  only  at  low  fre¬ 
quencies  the  wave  enters  the  buffer  layer  at  an  appreciable 
amplitude  which  is  one  of  the  requirements  for  a  substan¬ 
tial  reaction  of  the  turbulence. 

Modulation  of  Turbulent  Intensities 

As  mentioned  earlier  the  first  numerical  experiments 
have  been  focussed  on  the  high  frequency  (quasilaminar) 
regime  of  the  interaction  between  oscillating  shear  and  wall 
turbulence.  Besides  the  unexpected  modulation  of  the  tur¬ 
bulent  intensity  of  the  wall  shear  stress  that  has  been  ob¬ 
served  in  real  experiments,  it  is  the  fast  convergence  of  the 
modulation  amplitudes  which  makes  it  advisable  to  start 
the  numerical  experiments  at  the  high  frequency  end.  The 


Figure  5:  Amplitude  of  the  intensity  of  the  streamwise  ve¬ 
locity  component  (u'u1),  numerical  experiments:  — ,  real  ex¬ 
periment:  o  □  o,  /+  =  0.01 


Figure  6:  Phase  of  the  intensity  of  the  streamwise  velocity 
component  ( u'u '),  same  notation  as  in  figure  5 

rate  of  convergence  depends  on  the  power  spectral  density 
of  the  quantity  to  be  phase  averaged  at  the  modulation 
frequency,  so  the  steep  roll  off  of  the  spectra  favours  the 
high  modulation  frequencies.  In  fact,  the  amplitudes  at  the 
higher  frequency  became  stable  faster  than  at  the  lower  fre¬ 
quency  although  the  amplitudes  are  much  higher  at  the  low 
frequency. 

On  the  other  hand,  experimental  results  in  the  high  fre¬ 
quency  regime  are  rare.  Recent  experiments  that  have  been 
performed  by  one  of  the  authors  (C.V.)  reach  only  the  lower 
of  the  two  frequencies  of  the  simulated  experiments.  A 
comparison  of  the  modulation  amplitude  (magnitude  and 
phase)  of  the  intensity  of  the  streamwise  velocity  compo¬ 
nent  (u'u')  is  shown  in  the  figures  5  and  6.  Actually,  the  ra¬ 
tio  between  the  complex  amplitudes  of  u'u'  and  of  the  wall 
shear  stress  is  plotted,  and  all  quantities  are  nondimension- 
alized  by  the  friction  velocity  uT  and  the  kinematic  viscos¬ 
ity.  The  velocity  of  the  walls  had  an  amplitude  of  1.5uT  in 
the  numerical  experiment  and  the  simulation  was  extended 
over  250  periods  of  the  wall  oscillation.  The  agreement  is 
better  than  could  be  expected  with  regard  to  the  uncer¬ 
tainties  of  both  the  experiments.  The  maximum  of  the 
response  is  found  close  to  the  wadi  as  expected  because  of 
rapid  decay  of  the  shear  wave.  Nevertheless,  the  ampli¬ 
tude  of  u'u'  that  is  detectable  even  on  the  centerline  of  the 
channel  decays  jnuch  less  than  the  amplitude  of  u.  The 
propagation  of  u'u'  at  a  speed  in  the  order  of  uT  has  been 
detected  earlier  at  lower  frequencies  (Schildknecht  et  al., 
1979,  Tardu  &  Binder,  1994),  however,  the  nature  of  this 
type  of  propagation  that  can  be  observed  over  a  distance  of 
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Figure  7:  Relative  modulation  of  the  three  Reynolds  normal 
stress  components  and  the  intensity  of  the  pressure  fluctua¬ 
tion,  /+  =  0.025 


Figure  8:  Relative  modulation  of  the  Reynolds  shear  stress 
component.  Results  are  obtained  at  both  walls,  shown  as 
solid  and  dashed  lines.  / ^  =  0.025 


nearly  two  wavelengths  in  the  present  experiments  is  still 
unclear. 

This  kind  of  propagation  could  be  detected  also  in  the 
high  frequency  numerical  simulation  although  the  ampli¬ 
tudes  of  u'u'  and  the  turbulent  intensities  of  the  other 
quantities  evaluated  so  far  are  even  smaller  than  at  the 
low  frequency  shown  on  figures  5  and  6.  The  amplitudes 
are  depicted  on  the  figures  7  and  8.  As  expected  the  max¬ 
imum  of  the  response  has  been  shifted  towards  the  wall 
by  the  increase  of  the  frequency.  While  the  modulation  of 
u'u1,  v'v',  and  p'p'  is  in_same  order  of  magnitude,  w'w'  is 
remarkably  small,  and  u'v'  has  a  much  greater  amplitude 
than  u'u1  and  v'v' .  This  latter  finding  indicates  that  the 
correlation  between  the  normal  and  the  streamwise  velocity 
and  consequently  the  structure  of  the  flow  is  considerably 
affected  by  the  unsteady  deformation  of  the  flow. 

Finally  the  modulation  of  the  intensity  of  the  wall  shear 
stress  fluctuation  is  shown  in  figure  9  for  the  two  simula¬ 
tions.  They  are  compared  to  results  of  real  experiments 
that  have  been  performed  in  two  different  laboratories 
(Mao  &  Hanratty,  1986,  Tardu  &  Binder,  1993).  The  sim¬ 
ulation  and  the  real  experiment  differ  by  a  factor  of  about 
20,  at  the  high  frequency.  In  order  to  discuss  this  dis¬ 
crepancy  the  complex  amplitude  of  t't'  for  one  of  the  real 
experiments  (Tardu  &  Binder,  1993)  is  shown  on  figure  10. 
The  measured  amplitudes  can  be  regarded  to  more  or  less 
follow'  a  spiral  that  is  depicted  on  the  graph.  This  spiral 
is  typical  of  the  response  of  a  system  that  is  characterized 
by  a  delay  and  a  low  pass  transfer  function.  However,  in 


Figure  9:  Modulation  factor  of  the  intensity  of  the  wall  shear 
stress  fluctuation.  Experiments:  Mao  &  Hanratty  (1986)  □, 
Tardu  &  Binder  (1993)  x,  Simulation:  • 


Figure  10:  Modulation  factor  of  the  intensity  of  the  wall 
shear  stress  fluctuation  in  the  complex  plane,  experiment  by 
Tardu  &  Binder  (1993) 


contrast  to  such  a  system  the  spiral  converges  to  a  nonzero 
amplitude.  This  indicates  that  the  measured  response  of 
t't'  is  the  sum  of  the  response  of  a  low  pass  system  with  a 
certain  group  delay  and  an  immediate  broadband  response 
characterized  by  the  high  frequency  amplitude  (center  of 
the  spiral).  So  it  seems  that  the  numerical  experiment  re¬ 
produces  the  first  part  of  the  response  (even  though  not 
quantitatively)  but  gives  no  indication  of  the  existence  of 
the  spectacular  latter  part. 

CONCLUSIONS 

The  first  results  of  the  direct  numerical  simulation  of  a 
turbulent  channel  flow  that  is  forced  by  longitudinal  oscil¬ 
lations  of  the  walls  show  some  encouraging  agreement  with 
real  experiments  when  the  unsteady  response  is  regarded 
even  though  some  discrepancies  with  respect  to  the  mean 
flow  are  encountered.  Particularly  striking  is  the  reproduc¬ 
tion  of  the  wavelike  propagation  of  the  distortion  that  is 
introduced  at  the  walls.  It  is  the  first  time  that  this  phe¬ 
nomenon  has  been  observed  in  the  high  frequency  regime 
when  the  wave  can  be  tracked  over  three  wavelengths  at 
the  highest  frequency. 

Since  the  interaction  between  the  high  frequency  defor¬ 
mation  of  the  flow  and  the  turbulence  is  rather  weak  the 
further  inspection  of  the  data  is  promising  in  so  far  as  prac¬ 
tically  no  feed  back  on  the  propagation  of  the  shear  wave 
is  to  be  expected  in  the  near  wall  region.  So  the  physical 
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interpretation  of  the  results  can  be  expected  to  be  within 
the  reach  of  simple  models. 

In  this  respect  it  is  interesting  to  note  that  the  spectacu¬ 
lar  high  frequency  modulation  of  the  turbulent  shear  stress 
intensity  that  has  been  interpreted  as  the  result  of  a  strong 
nonlinear  interaction  between  the  turbulence  and  the  im¬ 
posed  shear  deformation  could  not  (yet)  be  reproduced  in 
the  simulated  experiment. 

APPENDIX:  NOTATIONS 

The  evaluation  of  the  unsteady  response  to  some  forcing 
of  the  flow  is  always  based  on  the  phase  average  (q(t))  of 
the  quantity  g(t)  under  consideration 

q{t)  =  (q(t)}  +  q'(t)  (1) 

where  q'(t)  is  the  “turbulent”  part  of  q(t).  In  many  cases 
the  imposed  forcing  is  sinusoidal  and  the  amplitude  is  small 
enough  to  guarantee  a  linear  response  of  (q{t)).  So  in  the 
Fourier  series  of  {q(t))  only  the  zero  and  first  order  terms 
are  important. 

(<?(*)>  =  40)+23?{41)e'2,r/Mt}  (2) 

=  q+  Aq  ■  cos(27r/Mt+  <j>q)  (3) 

=  q  +  q(t)  (4) 

Then  the  amplitude  Aq  =  |2  4^  I  is  a  measure  of  the 
sensitivity  of  q  with  respect  to  the  forcing,  and  the  phase 
<j>q  =  arg(44  is  a  measure  of  the  delay  of  the  response.  In 
order  to  make  different  quantities  comparable  an  appropri¬ 
ate  normalisation  and  a  physically  meaningful  phase  refer¬ 
ence  must  be  chosen.  For  this  purpose  the  amplitude  of 
the  quantity  is  refered  to  its  mean  value:  aq  =  2  41>/4°)- 
A  more  general  measure  of  the  strength  of  the  response 
is  the  ratio  between  this  relative  amplitude  aq  and  some 
relative  amplitude  of  the  forcing.  Actually  the  wall  shear 
stress  is  regarded  as  the  physical  quantity  that  forces  the 
flow.  So  mq  —  aq/aT„  is  used  in  many  cases  to  quantify  the 
response  of  the  quantity  q,  and  the  phases  are  measured 
with  respect  to  4>t„  ■ 
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ABSTRACT 

Periodic  and  ramp-transient  flows  provide  circumstances 
where  non-equilibrium  (stress  transport)  effects  on  turbu¬ 
lence  may  be  large.  Thus,  in  application  to  such  flows,  it 
might  be  expected  that  Reynolds  stress  transport  models 
would  be  inherently  superior  to  simpler  linear  eddy  viscos¬ 
ity  models.  The  computations  reported  here  have  explored 
this  proposition.  The  basic  flow  considered  is  that  of  spa¬ 
tially  fully-developed  flow  in  a  circular  pipe  onto  which  pre¬ 
scribed  temporal  variations  of  the  mass  flow  rate  or  bulk 
velocity  are  imposed.  It  follows  that  the  strain  field  is  one 
of  simple  shear  and  the  question  of  non-equilibrium  effects 
may  therefore  be  considered  separately  from  other  aspects 
of  Reynolds  stress  transport  modelling  pertinent  to  more 
complex  strain  fields. 

INTRODUCTION 

All  turbulent  flows  are  unsteady  if  examined  in  terms  of  a 
series  of  instantaneous  realizations;  in  discussion  of  steady 
conditions  reference  is  made  to  the  statistically  stationary 
property  of  some  flows.  The  more  general  case,  however,  is 
clearly  of  a  turbulent  flow  with  statistical  features  (phase- 
or  ensemble-averages)  that  vary  in  time.  It  is  common 
practice  to  analyse  unsteady  flows  using  an  assumption  of 
pseudo-steadiness  :  thus,  at  a  given  phase  position  of  a  pe¬ 
riodic  flow,  the  flow  is  taken  to  be  identical  to  a  steady  flow 
generated  at  the  same  prescribed  conditions  (e.g.  Reynolds 
number)  as  those  of  the  selected  phase  angle. 

A  number  of  experiments  on  pipe  flow  (as  well  as  other 
geometries)  have  been  conducted  in  order  to  better  under¬ 
stand  the  dynamics  of  unsteady  flows,  and  hence,  by  im¬ 
plication,  more  accurately  delineate  the  applicable  range 
of  pseudo-steady  assumptions.  Imposed  unsteadiness  can 
have  marked  effects  upon  a  range  of  flow  features  (how¬ 
ever,  provided  that  separation  does  not  occur,  it  would 
appear  that  the  long-time  averages  of  a  periodic  flow  are 
not  greatly  affected).  The  present  contribution  concen¬ 
trates  on  the  data  of  Finnicum  and  Hanratty  (1988)  and 
Tu  and  Ramaprian  (1983)  for  periodic  flows,  and  the  data 
of  He  (1992)  for  ramp-transient  flows. 

Perhaps  surprisingly,  relatively  little  work  concerning 
the  calculation  of  unsteady  turbulent  flows  has  appeared 


in  the  literature.  Amongst  isolated  examples,  two-equa¬ 
tion  modelling  studies  were  undertaken  by  Blondeaux 
and  Colombini  (1985)  and  Ismael  and  Cotton  (1996); 
Kebede  et  al.  (1985)  reported  Reynolds  stress  transport 
model  results,  although  their  conclusions  were  uncertain 
due  to  the  incomplete  convergence  of  the  model  solutions. 
The  present  study  represents  a  renewed  attempt  to  exam¬ 
ine  the  unsteady  flow  performance  of  a  Reynolds  stress 
transport  model  and  to  make  comparisons  with  a  two- 
equation  eddy  viscosity  model. 


TURBULENCE  MODELLING 

The  appropriate  average  for  the  periodic  flow  cases  ex¬ 
amined  here  is  the  phase-average,  (x),  defined  as  : 

N- 1 

<xM)>  =  (x) 

n= 0 


where  \  represents  an  instantaneous  quantity,  8—uit, 
and  r  is  the  radial  coordinate.  In  ramp- transients,  the 
ensemble-average  is  formed  in  an  analogous  manner,  but  is 
now  based  upon  repeated  realizations  of  the  unsteady  flow. 
The  phase-  or  ensemble-averaged  spatially  fully-developed 
momentum  equation  then  parallels  the  familiar  Reynolds- 
averaged  form  for  application  to  steady  flows  : 


duL__idp_  _d_  m 

dt  pdxi  dxj  y  dij 


(u,u}) 


(2) 


Upon  transformation  to  cylindrical  polar  coordinates  the 
only  Reynolds  stress  component  appearing  in  the  axial  mo 
mentum  equation  is  the  shear  stress  {uru2)  (where  the 
z — coordinate  is  aligned  with  the  pipe  axis).  Other  ele¬ 
ments  of  the  Reynolds  stress  tensor  arise  in  achieving  clo¬ 
sure  at  the  second-moment  level. 

The  results  reported  below  are  based  upon  low-Reynolds- 
number  versions  of  a  k-e  eddy  viscosity  model  and  a 
Reynolds  stress  transport  model.  The  k-e  model  selected  is 
the  widely-adopted  scheme  of  Launder  and  Sharma  (1974) 
(the  model  which  formed  the  basis  of  the  earlier  study  of 
Ismael  and  Cotton).  The  Reynolds  stress  transport  model 
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employed  is  due  to  Shima  (1989)  and  represents  a  minor  re¬ 
optimization  of  the  Launder  and  Shima  (1989)  model.  The 
chosen  model  possesses  some  acknowledged  disadvantages 
with  regard  to  more  recent  stress  transport  models,  but  has 
nonetheless  established  a  good  track  record  in  a  range  of 
steady  two-  and  three-dimensional  thin  shear  flows.  In  the 
following  text  the  abbreviations  ‘EVM’  and  ‘RSTM’  are 
generally  used  to  denote  the  two  specific  models  adopted. 
The  essential  features  of  the  two  models  are  outlined  be¬ 
low  and  the  reader  interested  in  complete  descriptions  is 
referred  to  the  relevant  original  papers. 

Eddy  Viscosity  Model 

The  EVM  consists  of  a  constitutive  equation  and  trans¬ 
port  equations  for  the  turbulent  kinetic  energy,  k,  and  a 
modified  dissipation  variable,  c  : 


tjj\  and  tj) 2  are  functions  of  the  Reynolds  stress  tensor  in¬ 
variants,  Ret,  and  {P/e)-,  the  Shima  model  differs  from  that 
of  Launder  and  Shima  in  the  tuning  of  these  expressions. 
The  GGDH  is  again  employed  in  the  determination  of  d(. 

The  EVM  and  RSTM  equations  are  transformed  to 
cylindrical  polar  coordinates  prior  to  numerical  solution. 
In  the  spatially  fully-developed  pipe  flows  considered, 
RSTM  transport  equations  must  be  solved  for  the  Reynolds 
shear  stress,  {uruz),  the  three  normal  stresses,  and  the  dis¬ 
sipation  rate.  The  well-established  parabolic  solver  PASS¬ 
ABLE,  see  Leschziner  (1982),  has  been  adapted  to  march 
in  time  and  hence  compute  successive  radial  distributions 
of  flow  quantities.  An  expanding  radial  grid  of  101  nodes, 
with  approximately  half  the  nodes  distributed  across  the 
near- wall  region  (y+<50),  is  used  for  all  calculations.  In 
the  EVM  all  flow  quantities  are  computed  on  a  single  set 
of  radial  nodes;  this  primary  grid  is  used  for  the  velocity  in 
the  RSTM  scheme,  but  all  turbulence  quantities  are  stored 
on  a  second  staggered  grid.  The  maximum  time  step  is  ob¬ 
tained  as  a  time-of-travel  analogue  of  one  hundred  viscous 
length  units  (thus  100  {v/UT)  /Ut),  where  both  velocities 
correspond  to  peak  Reb-  The  value  derived  corresponds  to 
approximately  1000  steps  per  cycle  for  the  periodic  flows 
considered.  An  under-relaxation  factor  of  0.2  is  applied 
to  all  turbulence  quantities  in  order  to  improve  stability, 
and  convergence  is  assessed  by  considering  the  residuals 
of  the  computed  k— transport  equations.  Tests  have  been 
carried  out  to  ensure  that  the  reported  numerical  solutions 
are  accurate  to  within  1%  on  wall  shear  stress. 


A  „2 

di  =  CclkP  +  d‘~C(2h~k  +E  (6) 

P  is  the  rate  of  production  of  k  by  mean  strain.  The  tur¬ 
bulent  contributions  to  diffusion  (elements  of  d  and  de)  are 
modelled  using  the  isotropic  eddy  viscosity  concept  and  the 
additional  source  term,  E,  appearing  in  the  e— transport 
equation  is  a  function  of  second  derivatives  of  the  mean  ve¬ 
locity.  cM,  cei ,  and  cc2  are  constant  coefficients.  The  damp¬ 
ing  function,  /M,  and  the  destruction-of-dissipation  func- 
tion,  /h,  are  dependent  on  the  turbulent  Reynolds  num¬ 
ber,  Ret.  It  follows  that,  in  contrast  to  a  number  of  other 
two-equation  models,  the  presently  adopted  model  is  en¬ 
tirely  local,  i.e.  wholly  independent  of  wall  distance;  note, 
however,  that  reliance  is  placed  upon  viscosity  as  the  sole 
agent  of  damping  via  the  use  of  Ret. 

Reynolds  Stress  Transport  Model 
Individual  Reynolds  stresses  now  appear  as  the  depen¬ 
dent  variables  of  rate-of-change  equations  : 

dfuiu,) 

-  st  -  =  Pij  +  4>i1+di}-eij  (7) 

At  this  level  of  closure  the  mean  strain  production,  PtJ,  is 
an  exact  expression  and  the  redistributive  pressure-strain 
correlation,  d’Oi  must  be  modelled.  In  the  Shima  closure 
(j>ij  is  modelled  conventionally  as  the  sum  of  linear  return- 
to-isotropy  and  isotropization-of-production  elements;  as¬ 
sociated  with  each  of  these  two  elements  is  a  wall-reflection 
expression  (corrections  that  are  non-local,  being  based 
upon  wall  distance).  The  coefficients  of  the  pressure-strain 
correlation,  originally  taken  to  be  constant  by  Gibson  and 
Launder  (1978),  are  extended  to  incorporate  functions  of 
the  Reynolds  stress  tensor  invariants  and  Ret.  The  turbu¬ 
lent  contribution  to  dij  is  modelled  using  the  generalized 
gradient  diffusion  hypothesis  (GGDH),  and  local  isotropy 
is  assumed  for  the  determination  of  tij. 

The  turbulent  kinetic  energy  dissipation  rate,  e,  is  ob¬ 
tained  from  a  further  transport  equation  : 

Sc  ~ 

-Qj.  ~  (c«i  +  V*i  +  ^2)-j^P  +  d£  -  c<2^  (8) 


RESULTS 

The  EVM  and  RSTM  closures  are  compared  below  with 
experimental  data  for  unsteady  spatially  fully-developed 
pipe  flows.  Two  forms  of  imposed  unsteadiness  are  consid¬ 
ered  :  periodic  flows  in  which  the  bulk  velocity  varies  as  a 
sinusoid  imposed  upon  a  steady  level,  and  ramp-transients 
in  which  the  bulk  velocity  increases  linearly  between  two 
steady  levels. 

Periodic  Flows 

The  bulk  velocity  is  here  referenced  as  a  cosine  variation  : 

Ub(t)  =  Ub  +  \Ub\ cos  u it  (9) 

A  single  instantaneous  flow  variable  may  be  decomposed 
into  a  phase-average  and  a  turbulent  fluctuation,  equa¬ 
tion  (1).  Correlations,  such  as  elements  of  the  Reynolds 
stress  tensor,  may  be  decomposed  in  a  similar  manner 
The  variation  of  such  phase-averages  is  examined  against 
phase  angle  (at  prescribed  radial  positions)  in  Figures  3 
to  6.  Firstly,  however,  an  overview  of  periodic  flow  be¬ 
haviour  is  obtained  using  an  approximate  representation 
of  the  phase-averaged  wall  shear  stress  as  characterized  by 
its  long-time  mean  level  and  fundamental  harmonic  : 

(t„)  a  Tvi-I- |ru,|  cos(wt-f  v>T)  (10) 

Comparison  is  drawn  with  the  experiments  of  Finnicum 
and  Hanratty  (1988)  which  span  a  two-decade  range  of 
the  frequency  parameter,  u+=uu/UT2,  where  UT2=fZ,/p. 
Water  was  used  as  the  working  fluid  in  a  pipe  of  5.08cm 
diameter.  Sinusoidal  oscillations  were  imposed  on  the  flow 
rate  and  the  amplitude  of  the  centreline  velocity  was  fixed 
at  10.0±0.2%  of  the  long-time  mean  level.  The  mean  bulk 
Reynolds  number,  Reb{=  UbD/u),  was  different  for  each 
individual  test  case  (in  fact  8, 650<Ret<44,900).  Values 
of  the  wall  shear  stress  were  obtained  using  an  electro¬ 
chemical  technique.  Figures  1  and  2  show  the  variation  of 
the  amplitude  and  phase  of  the  first  harmonic  of  wall  shear 
stress  plotted  against  the  frequency  parameter.  At  low  fre¬ 
quencies  (below  u^RiO.001)  the  wall  shear  stress  response 
is  approximately  ‘quasi-steady’,  while  at  sufficiently  high 
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frequencies  (above  w+ss0.05)  ‘quasi-laminar’  behaviour  is 
evident.  Mao  and  Hanratty  (1986)  derived  the  following 
relations  for  quasi-laminar  oscillations  : 

\tw\/p\Uc\Ut  =  Vw+,  tpT  -  V-dp/d*  =  -45°  (11) 

which  indicate  a  collapse  of  data  at  high  frequencies.  How¬ 
ever,  for  oscillations  where  the  wall  shear  stress  responds 
in  a  quasi-steady  manner,  the  asymptotic  relations  are  de¬ 
pendent  on  Reynolds  number.  In  equation  (11)  and  Fig¬ 
ure  1  1x^1  is  normalized  using  density,  the  amplitude  of 
the  centreline  velocity,  and  the  mean  friction  velocity.  The 
experimental  data  for  wall  shear  stress  amplitude  reveal  a 
distinct  minimum  at  frequencies  centred  upon  w+«0.01, 
a  value  intermediate  between  the  quasi-steady  and  quasi- 
laminar  asymptotes.  This  feature  is  resolved  by  the  EVM, 
but  not  by  the  RSTM.  The  wall  shear  stress  phase  re¬ 
sults  shown  in  Figure  2  are  stated  relative  to  the  phase  of 
the  (positive)  pressure  gradient.  In  this  case  the  EVM  re¬ 
sults  exhibit  an  overshoot  with  respect  to  data  at  w+«0.02, 
whereas  the  RSTM  results  increase  monotonically  up  to 
the  asymptote.  On  close  examination  it  is  seen  that  the 
data  might  indicate  the  presence  of  a  poorly-defined  max¬ 
imum  at  w+ss0.02,  but  alternatively  experimental  uncer¬ 
tainties  might  account  for  the  distribution  of  the  measured 
points. 

Tu  and  Ramaprian  ( 1983)  employed  water  as  the  working 
fluid  in  a  5.08cm  diameter  pipe.  The  flow  rate  was  varied  si¬ 
nusoidally  on  a  long-time  mean  level  and  detailed  flow  data 
(including  wall  shear  stress,  axial  velocity,  and  Reynolds 
normal  and  shear  stress)  were  obtained.  The  wall  shear 
stress  was  measured  using  a  thermal  technique  and  the  ax¬ 
ial  velocity  was  measured  using  a  single-component  LDA 
system.  The  phase-averaged  Reynolds  shear  stress,  (urtiz), 
was  not  measured  directly,  but  instead  deduced  from  an 
integrated  form  of  the  momentum  equation  and  evalu¬ 
ated  using  measurements  of  the  wall  shear  stress  and 
axial  mean  velocity.  Present  attention  is  focused  upon 
a  single  test  case  for  which  Reb= 49, 000,  Strouhal  num¬ 
ber  uiD/Ub=0.175,  and  relative  amplitude  |t4|  / 14=0.64. 
(The  actual  bulk  velocity  modulation  was  reported  by  Tu 
and  Ramaprian  to  be  ‘very  nearly  sinusoidal’.  In  a  sensitiv¬ 
ity  test  turbulence  model  solutions  were  obtained  for  this 
prescribed  ‘point-by-point’  bulk  velocity  variation,  how¬ 
ever,  it  was  found  that  the  solutions  obtained  were  es¬ 
sentially  identical  to  those  obtained  using  equation  (9).) 
The  conditions  of  Tu  and  Ramaprian’s  experiment  corre¬ 
spond  to  w+«0.0014,  a  dimensionless  frequency  which  is 
sufficiently  high  to  produce  marked  departures  from  the 
quasi-steady  state  in  the  appearance  of  flow  profiles,  but 
sufficiently  low  that  the  indirect  measurements  of  (uruz) 
are  believed  to  be  reliable.  (Note,  however,  that  the  wall 
shear  stress  would  be  deemed  from  Figures  1  and  2  to  be 
approaching  the  quasi-steady  condition.) 

In  Figure  3  the  two  models  are  compared  against  data 
for  the  phase-averaged  Reynolds  shear  stress  at  a  quarter 
radius  from  the  pipe  wall  (corresponding  to  a  long-time 
mean  y+  of  approximately  300)  :  it  is  seen  that  the  RSTM 
is  in  closer  agreement  with  the  data  than  is  the  EVM  and 
that,  as  expected,  the  RSTM  which  incorporates  a  rate 
equation  for  (uruz)  lags  the  algebraic  EVM.  These  findings 
are  reinforced  by  results  for  a  second  location  much  closer 
to  the  pipe  axis  (corresponding  to  a  long-time  mean  y+  of 
approximately  1100)  where  diffusion  becomes  more  impor¬ 
tant,  see  Figure  4. 

Experimental  data  for  the  phase-averaged  axial  normal 
stress  together  with  RSTM  results  are  shown  in  Figures  5 
and  6.  In  addition,  computed  variations  of  the  turbulent 
kinetic  energy  have  been  included  in  order  to  allow  com¬ 
parison  between  the  EVM  and  RSTM.  The  RSTM  results 
for  (  uz2}  are  in  fairly  close  accord  with  the  measurements 
at  y/R— 0.25  (Figure  5),  but  exhibit  a  lag  at  y/R= 0.9  (Fig¬ 
ure  6). 


Comparing  Figures  4  and  6  (i.e.  the  variations  at 
y/R=0.9),  it  is  seen  that  the  experimental  data  for  (uruz) 
and  (uz2)  are  approximately  in  phase.  In  contrast, 
the  RSTM  indicates  a  moderate  lag  (approximately  20°) 
of  the  normal  stress  and  turbulent  kinetic  energy  with  re¬ 
spect  to  the  shear  stress.  It  is  interesting  to  note  that 
the  EVM  yields  the  same  lag  in  k  with  respect  to  (uruz); 
this  shared  feature  of  the  EVM  and  RSTM  results  might 
be  attributable  to  the  temporal  variation  of  the  dissipation 
rate,  e,  which  is  calculated  from  similar  transport  equa¬ 
tions  in  the  two  models  (some  similarities  and  differences 
between  the  EVM  and  RSTM  are  further  highlighted  be¬ 
low). 

Ramp- Transients 

A  second  LDA  dataset  for  unsteady  flow  in  pipes  has 
been  compiled  by  He  (1992).  The  data  are  for  water  flow  in 
a  pipe  of  diameter  5.04cm  find  the  imposed  transient  takes 
the  form  of  a  linearly-increasing  ramp  between  initial  and 
final  steady  levels  (Reb=7,000  and  Ret =45, 400;  a  6.5  fold 
increase  in  flow  rate).  The  test  case  selected  is  that  with 
the  shortest  ramp  period  (T=5  seconds)  for  which  stress 
transport  effects  are  the  greatest.  A  two-component  LDA 
system  was  employed  by  He  and  hence  it  was  possible  to 
measure  all  elements  of  the  Reynolds  stress  tensor.  In  the 
present  study  the  EVM  and  RSTM  are  compared  with  data 
for  the  ensemble-averaged  Reynolds  shear  stress  and  tur¬ 
bulent  kinetic  energy.  Results  are  normalized  using  the 
initial  value  of  bulk  velocity,  (£4)0,  and  are  plotted  against 
Tr=t/T. 

Figure  7  shows  the  ensemble-averaged  Reynolds  shear 
stress  data  as  measured  at  near-wall  (y/R—  0.07)  and  near- 
axis  (y/ R=  0.84)  locations  together  with  the  corresponding 
EVM  and  RSTM  results.  (At  the  initial  steady  level  these 
positions  correspond  to  y+  values  of  approximately  20 
and  200,  respectively;  at  the  higher  steady  level  the  corre¬ 
sponding  y+  values  are  approximately  80  and  1000.)  Near 
the  wall  both  models  respond  in  a  similar  manner  and  cure 
in  quite  close  agreement  with  the  experimental  data.  In 
greater  detail  it  may  be  observed  that  the  RSTM  responds 
more  rapidly  in  the  initial  stage  of  the  transient.  The 
RSTM  variation  in  the  vicinity  of  24=0.4  exhibits  a  brief 
plateau  in  an  otherwise  smoothly  increasing  level  (although 
the  scattered  data  do  not  wholly  support  the  existence  of 
such  a  plateau).  The  differences  between  the  EVM  and 
RSTM  me  quite  possibly  attributable  to  the  model  ‘fun¬ 
damentals’,  i.e.  that  the  RSTM  incorporates  rate  equa¬ 
tions  for  the  individual  stresses  and  the  production  of  each 
Reynolds  stress  is  exact  within  the  closure.  Closer  to  the 
pipe  axis  the  representation  of  diffusion  again  becomes 
more  critical  and  the  measured  delay  of  (uruz)  is  evidently 
captured  better  by  the  RSTM.  (The  mechanisms  governing 
the  delay  of  the  core  flow  response  are  considered  in  some 
detail  by  Jackson  and  He,  1993.) 

Results  for  the  ensemble-averaged  turbulent  kinetic  en¬ 
ergy  are  shown  in  Figure  8.  Trends  in  the  experimental 
data  for  k  are  generally  similar  to  those  for  (tirtiz),  how¬ 
ever,  a  plateau  is  now  clearly  evident  in  the  near-wall  vari¬ 
ation.  The  two  models  show  the  same  general  behaviour 
in  the  development  of  k  as  in  the  development  of  (uruz). 
Now,  however,  there  is  poorer  agreement  with  data,  at  least 
at  lower  levels  of  turbulent  kinetic  energy.  It  has  been  sug¬ 
gested  by  He  (personal  communication)  that  signal  noise 
might  have  given  rise  to  spuriously  high  experimented  lev¬ 
els  of  the  single  component  correlations  ((uz2),  (ur2), 
and  (ue2))  occurring  in  k.  Such  systematic  experimen¬ 
tal  uncertainty  does  not  occur  for  (uruz)  because  the  noise 
from  two  distinct  instantaneous  velocity  signals  is  uncor¬ 
related.  A  related  point  is  that  the  slow  increase  in  the 
level  of  the  near-axis  experimental  data  for  k  may,  in  fact, 
reflect  increasing  noise  and  not  the  true  response  of  turbu- 
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lence  which  experiences  a  delay  associated  with  propaga¬ 
tion  from  the  wall  region. 

SUMMARY 

The  EVM  of  Launder  and  Shanna  (1974)  and  the  RSTM 
of  Shima  ( 1989)  have  been  compared  against  experimental 
data  for  spatially  fully-developed  turbulent  pipe  flow  onto 
which  controlled  temporal  flow  variations  have  been  im¬ 
posed.  Two  types  of  unsteadiness  have  been  examined, 
namely  periodic  flows  (using  the  data  of  Finnicum  and 
Hanratty,  1988  and  Tu  and  Ramaprian,  1983)  and  ramp- 
transient  flows  (using  the  data  of  He,  1992). 

Within  the  framework  of  the  RSTM  the  Reynolds 
stresses  are  determined  from  transport  equations,  whereas 
an  algebraic  expression  is  employed  in  the  EVM.  Other 
differences  exist  between  the  two  formulations  :  for  ex¬ 
ample,  the  EVM  is  entirely  local  (however  ‘damping’  is 
achieved  solely  through  the  use  of  Ret,  a  viscous  param¬ 
eter);  the  RSTM  includes  wall  distance  corrections,  ren¬ 
dering  the  model  non-local,  although  expressions  involving 
the  turbulence  anisotropy  largely  replace  Ret  in  various 
model  functions.  The  two  diffusion  models  are  also  dif¬ 
ferent,  as  are  the  detailed  treatments  of  dissipation.  Thus, 
although  our  principal  interest  lies  in  the  treatment  of  non¬ 
equilibrium  effects  associated  with  unsteadiness,  there  ex¬ 
ist  other  factors  which  influence  model  performance. 

The  above  caveat  is  particularly  relevant  to  the  com¬ 
parisons  with  the  phase- averaged  wall  shear  stress  data  of 
Finnicum  and  Hanratty  :  here  the  EVM  appears  to  per¬ 
form  better  in  relation  to  the  amplitude  data,  whereas,  in 
the  approach  to  quasi-laminar  behaviour,  the  RSTM  cap¬ 
tures  the  measured  phase  response  more  accurately.  Work 
continues  in  an  effort  to  improve  our  understanding  of  these 
findings.  Clearer  results  emerge  in  examination  of  the  peri¬ 
odic  flow  measurements  of  Tu  and  Ramaprian  :  comparison 
of  the  computed  ( uruz )  variations  show  that  the  RSTM 
lags  the  EVM  and  is  in  better  agreement  with  the  data. 
Such  a  result  is  to  be  expected  because  of  the  inclusion  of 
transport  equations  in  the  former  closure.  The  RSTM  vari¬ 
ation  of  (uz2)  at  y/R= 0.25  shows  encouraging  agreement 
with  the  data,  but  poorer  agreement  at  y/R= 0.9. 

The  comparisons  reported  with  the  ramp-transient  flow 
data  of  He  show  that  the  RSTM  resolves  the  near-axis  de¬ 
lay  in  the  response  of  (uruz)  more  accurately  than  does 
the  EVM.  The  findings  are  somewhat  less  clear-cut  in  rela¬ 
tion  to  He’s  data  for  k.  It  appears,  however,  that  LDA  sig¬ 
nal  noise  may  have  contributed  to  artificially  high  values 
of  k. 

The  present  investigation  sought  to  establish  whether  a 
Reynolds  stress  transport  model  would  prove  superior  to  an 
eddy  viscosity  model  in  application  to  unsteady  pipe  flows. 
To  summarize  our  findings  to  date,  the  Reynolds  stress 
transport  model  is  better  suited  to  the  task  of  capturing 
temporal  response;  nonetheless,  apparent  failings  in  the 
calculation  of  the  wall  shear  stress  and  the  core  flow  have 
been  identified. 
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ABSTRACT 

This  paper  describes  the  experimental  results  obtained  in  the 
relaxation  process  of  a  two-dimensional  smooth-rough 
asymmetric  turbulent  channel  flow  into  its  anti-symmetric  state 
with  respect  to  the  channel  mid-point.  Extensive  measurements 
of  the  mean  velocity,  the  Reynolds  stresses  and  the  wall  shear 
stress  conducted  for  the  protruding  and  flush-mounted 
roughness  elements  revealed  that  no  significant  change  in  the 
relaxation  process  is  found  between  them  except  for  the  region 
just  upstream  and  downstream  of  the  step.  The  streamwise 
variations  of  the  mean  and  the  fluctuating  velocity  profiles  as 
well  as  the  wall  shear  stress  correspond  well  with  that  for  the 
maximum  mean  velocity  in  a  cross-section  and  it  can 
sensitively  represent  how  far  the  relaxation  proceeds.  The  so- 
called  universal  Karman  constant  does  vary  in  the  region  x< 
20h,  which  may  cause  the  log-law  dependent  methods  for  the 
wall  shear  stress  to  give  a  result  showing  an  over-  or  under¬ 
shooting. 

NOMENCLATURE 

h ;  channel  half  height 

U ;  x  component  of  mean  velocity 

Xian ;  maximum  mean  velocity  in  a  cross-section 

U, ;  maximum  mean  velocity  at  the  channel  exit 

xr;=u/uT 

u,  v  ;x,  y  components  of  fluctuating  velocity 
p ;  static  pressure 
-  puv ;  Reynolds  shear  stress 

x,  y ;  streamwise  and  transverse  coordinates,  respectively 
(see  FIgs.1  and  2) 
y+;=yuiA' 

"V;  wall  shear  stress 

Uj ;  fiction  velocity  =v  Wp 

INTRODUCTION 

The  problem  of  a  response  of  a  fully  developed  or  self¬ 
preserving  flow  to  a  sudden  change  in  the  boundary  condition 


Fig.1  Schematic  of  flow  configuration  and  coordinate 
system.  The  origin  of  x  is  the  mid  point  between  the  last 
and  the  first  roughness  elements  in  the  upstream  and  the 
downstream  halves  of  the  channel,  respectively. 
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Fig.2  Details  of  wall  geometry  in  channels  1  and  2. 

has  long  attracted  the  interest  of  many  researchers,  because  it 
provides  a  useful  way  of  understanding  the  complex 
mechanism  of  the  turbulent  shear  flow  in  analogy  with  the 
black  box  concept  as  proposed  by  Clauser(1956).  Many 
investigations  were  made  an  the  boundary  layer  flow  subject  to 
sudden  change  in  wall  roughness:  Antonia  &  Luxton(1971) 
made  measurements  of  the  zero  pressure  gradient  boundary 
layer  subject  to  step  change  in  wall  roughness  and  the  response 


of  a  turbulent  boundary  layer  to  a  short  length  of  surface 
roughness  was  investigated  by  Andreopoulos  &  Wood(1982). 
Less  is  the  case  for  the  conduit  flow.  A  general  review  an  these 
materials  was  given  by  Smits  &  Wood(1985). 

The  fully  developed  asymmetric  channel  flow  studied  by 
Hanjalic  &  Launder(1972)  is  itself  a  complex  flow  in  the  sense 
that  the  flows  on  different  surface  roughness  and  hence  with 
different  turbulent  structures  interact  with  each  other. 
Therefore,  it  will  be  very  interesting  and  useful  to  investigate 
the  relaxation  process  of  a  fully  developed  smooth-rough 
asymmetric  flow  in  a  two-dimensional  channel  into  its  anti¬ 
symmetric  state,  i.e.  a  fully  developed  rough-smooth  asym¬ 
metric  one. 

The  main  purpose  of  this  study  is  to  document  a 
comprehensive  set  of  reliable  data  in  the  relaxation  process  of 
the  perturbed  asymmetric  channel  flow  into  its  anti-symmetric 
one  to  improve  physical  understanding  of  the  non-equilibrium 
turbulent  shear  flow. 

EXPERIMENTAL  APPARATUS  AND  METHOD 
The  two-dimensional  channel  used  has  a  length  of  7m,  where 
one  of  the  walls  in  the  upstream  half  and  the  opposite  wall  in 
the  downstream  half  were  roughened  with  2  mm  square  ribs 
spaced  to  give  a  pitch  to  height  ratio  of  9  and  all  the  remaining 
parts  were  left  smooth.  Fig.l  shows  a  schematic  diagram  of  the 
flow  geometry,  the  coordinate  system  and  some  symbols 
employed.  The  flow  configuration  provides  a  fully  developed 
asymmetric  flow  similar  to  that  studied  by  Hanjalic  &  Launder 
(1972)  in  the  channel  mid-section  and  its  anti-symmetric  one  at 
the  channel  exit.  Two  types  of  the  step  change  in  wall 
roughness  were  employed  to  clarify  a  possible  displacement 
effect  of  the  roughness  elements  themselves:  the  roughness 
elements  are  protruding  bom  the  smooth  wall  in  the  channel  1 
(Fig.2a,  2h=50mm)  and  they  are  flush  with  the  smooth  wall  in 
the  channel  2(Fig.2b,  2h=52mm). 

Measurements  of  the  static  pressure,  the  mean  velocity,  the 
Reynolds  normal  and  shear  stresses  as  well  as  the  wall  shear 
stress  were  made  downstream  of  the  step  change  in  wall 
roughness,  undera  constant  bulk  Reynolds  number  U^h/v  of  5  x 
104(U,=30  -  34  m/s). 

The  main  body  of  data  was  obtained  by  hot-wire 
anemometers  with  I-  and  X-probes  having  0.5  mi  and  1.0  mm 
unplated,  heated  lengths  of  5  pm  diameter  tungsten  wire, 
respectively.  To  obtain  data  as  dose  to  the  wall  as  possible,  at 
least  two  traverses  were  made  at  each  streamwise  section:  one 
starting  from  the  each  wall,  overlapping  10-20  mm  in  the 
central  region  inducting  the  position  of  the  maximum  mean 
velocity.  The  dosest  positions  of  the  I-  and  X-probes  were 
0.03±  0.006  mm  and  1.5±  0.1mm,  respectively.  No  wall 
proximity  correction  was  made. 

To  calculate  fluctuating  velocity  conponents  and  their 
statistics,  two  signals  from  the  X-probe  were  processed  with 
commercially  available  analogue  devises  for  the  channel  1  but 
they  were  processed  digitally  in  a  computer  for  the  channel  2 
and  the  latter  can  be  considered  more  reliable. 

On  the  other  hand,  the  maximum  mean  velocity  in  a  cross- 
section,  which  occurs  at  a  different  point  in  each  streamwise 
section,  was  measured  by  a  Pitot  tube  with  a  tip  height  of  0.2 
mm  to  exdude  any  uncertainty  arising  from  the  drift  of  a  hot 
wire  anemometer.  The  wall  shear  stress  was  measured  by  a  log- 
law  independent  sub-layer  fence  having  a  fence  height  of  40^ 
m,  which  was  carefully  calibrated  in  the  channel  with  all 
smooth  walls  using  a  digital  manometer  capable  of  resolving 
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Fig. 3  Streamwise  distributions  of  wall  static  pressure. 


Fig.4  Comparison  of  fully  developed  asymmetric  flows  in 
upstream  and  downstream  sections. 
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Rg.6  Streamwise  variation  of  fluctuating  intensity  profiles. 
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RESULTS  AND  DISCUSSION 

Rg.  3  shows  the  streamwise  variations  of  wall  static  pressure 
at  three  Reynolds  numbers  indicated  in  the  figure.  All  static 
holes  are  mounted  on  the  smooth  wall  side  and  the  effect  of  the 
relative  position  of  roughness  elements  of  the  opposite  wall  an 
the  smooth  wall  static  pressure  was  confirmed  to  be  negligible 
Hie  static  pressure  shows  a  linear  decrease  over  a  wide  region 
in  the  downmost  part  of  the  upstream  and  the  downstrean 
halves  of  the  channel  and  their  slopes  coincide  very  well  with 
each  other,  though  immediately  downstream  the  step  the  static 
pressure  deviates  upward  from  the  linear  distribution.  The 
upward  deviation  is  more  pronounced  for  the  channel  1  with 
increasing  the  Reynolds  number,  because  the  extra  effect  of 
displacement  by  the  upstanding  roughness  elements  forces  an 
disturbance  of  streamwise  curvature.  Detailed  measurements 
with  a  static  tube  revealed  that  the  static  pressure  changes 
appreciably  over  the  cross-section  in  the  region  of  -2h<x<2h. 

Mean  and  fluctuating  velocity  profiles  as  well  as  those  for 
the  Reynolds  shear  stress  obtained  by  an  X-probe  at  x=-38mm 
and  2425mm  are  shown  in  Rg.4,  indicating  how  closely  the 
flow  assumes  an  equilibrium  state  in  the  mid  and  exit  sections, 
where  velocities  are  all  referred  to  the  maximum  velocity  in  the 
channel  exit(denoted  by  UJ  ,  where  the  profiles  at  x=2425mm 
are  shown  plotted  conveniently  on  the  inverted  y-axis  with  the 
origin  at  the  rough  wall  for  the  ease  of  comparing  the 
corresponding  profiles.  A  little  bit  loose  coincidence  of  the 
mean  velocity  near  the  maximum  point  in  the  channel  i  can  be 
considered  as  an  uptsream  effect  of  the  step  change  in  the 
protruding  roughness. 

Streamwise  variations  of  the  mean  velocity  and  the 
fluctuating  intensity  profiles  are  shown  plotted  in  Fig_5  and 
fig.6,  respectively.  The  results  show  that  the  overall 
adjustment  to  the  anti-symmetric  flow  proceeds  very  gradually 
and  no  significant  difference  can  be  found  between  the 
channels  1  and  2,  but  the  recovery  to  a  new  equilibrium  state 
takes  place  rather  quicker  than  in  the  rough-smooth  asymmetric 
to  smooth-smooth  symmetric  channel  flow(Miyata  et  al.,  1987). 
Essentially,  the  flow  in  the  rough  to  smooth  side  is  accelerated 
and  that  in  the  smooth  to  rough  side  is  decelerated  after  the 
step,  although  the  flow  near  the  step  is  directly  affected  by  the 
roughness  elements,  especially  in  the  smooth  to  rough  side  of 
the  channel  1,  as  shown  in  Rg.7  which  shows  the  streamwise 
variation  of  the  mean  velocity' at  constant  distance  from  the 
wall  near  the  step  for  the  channelsl  and  2.  It  is  dear  that  the 
flow  within  the  region  a  few  roughness  heights  from  the  wall 
of  smooth  to  rough  side  of  the  cgannel  1  is  strongly  affected  by 
the  first  and  the  second  roughness  elements  but  it  cannot  be 
found  in  the  channel  2. 

Partly  because  of  this  displacement  effect,  but  mostly 
because  of  the  needs  for  adjusting  to  a  new  boundary  condition 
and  the  continuity  constraint,  the  maximum  mean  velocity  in  a 
cross-section  varies  in  a  complex  and  sensitive  manner  in  the 
downstream  direction,  as  shown  in  Fig.8  where  an  abrupt 
change  just  up-  and  downstream  the  step  in  the  channel  1  can 
be  considered  to  originate  from  the  displacement  effect  of  the 
protruding  roughness  just  mentioned.  Except  for  this  rather 
confined  difference,  characteristic,  non-monotonous  variations 
of  the  maximum  mean  velocity  in  the  channels  1  and  2  are  very 
similar.  A  decrease  of  the  maximum  velocity  results  inevitably 
a  flattened  velocity  profile  as  can  be  seen  in  Rg.  5,  which  leads 
to  a  spreading  region  of  a  smaller  production  rate  of  the 


Rg.7  Streamwise  variation  of  mean  velocity  at  constant 
distance  from  the  wall  near  step  change  in  wait  roughness. 
These  data  were  obtained  by  x-traversing  of  l-probe  and 
the  square  symbols  Indicate  the  results  obtained 
separately  by  y-traversing. 


Rg.8  Streamwise  variation  of  maximum  mean  velocity 
in  a  cross-section. 
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turbulent  energy.  Indeed,  the  turbulent  kinetic  energy  integrated 
over  the  cross-section  varies  in  a  simmflar  way  as  that  for  the 
maximum  velocity  and  takes  a  minimum  at  nearly  the  same 
position,  Le.  at  nearly  x=20h. 

Up  to  x=  20h,  the  position  of  zero  Reynolds  shear  stress  has 
moved  across  the  channel  center  line,  as  shown  by  the  chain 
lines  in  Fig.  9  which  shows  the  streamwise  variation  of  the 
Reynoldss  shear  stress  profiles.  The  relative  positions  of  zero 
Reynolds  shear  stress  and  zero  velocity  gradient  are  also 
replaced  with  each  other. 

Eg.10  shows  the  sreamwise  variation  of  the  wall  shear  stress 
in  the  rough  to  smooth  side,  where  the  wall  shear  stress  was 
measured  by  a  carefully  calibrated  sublayer  fence  and  the 
nearly  constant  wall  shear  stresses  obtained  for  the  downstream 
part  of  the  channel  agree  with  those  by  the  static  pressure 
gradient  assuming  an  equilibrium  state  within  an  error  of  5%. 
The  results  show  that  the  wall  shear  stress  adjusts  itself  not  so 
quickly  as  usually  accepted  and  no  overshooting  was  found  for 
die  both  channels.  A  streamwise  distance  as  large  as  40  times 
the  channel  half  height  is  required  for  the  wall  shear  stress  to 
take  a  new  equilibrium  value.  The  wall  shear  stress  thus 
obtained  by  a  log-law  independent  method  makes  it  possible  to 
test  the  validity  of  law  of  the  wall,  especially  to  examine  the 
universality  of  the  von  Karman  constant 

Fig.ll  shows  the  law  of  the  wall  representadon  of  mean 
velocity  profiles  downstream  of  the  step  change  in  the  rough  to 
smooth  side.  Straight  curves  in  the  figures  show  the  best  fit 
curve  for  the  profiles  near  the  exit  of  the  present  channel.  A 


Fig.10  Streamwise  variation  of  wall  shear  stress  in  rough 
to  smooth  side. 


large  deviation  from  this  line  is  evident  in  the  region  several 
channel  heights  downstream  the  step  and  here  again  non- 
monotonous  recovery  to  the  fully  developed  profile  can  be 
observed:  the  inner  profile  of  the  smooth  wall  reaches  the 
equilibrium  state  at  nearly  x=20h,  where  the  wall  shear  stress 
has  attained  a  value  larger  than  90%  of  the  equilibrium  value. 
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Fig.1 1  Law  of  the  wall  representation  of  mean  velocity  profiles  in  rough  to  smooth  side. 


CONCLUSION 

No  significant  difference  in  the  relaxation  process  of  a  two- 
dimensional  asymmetric  turbulent  channel  flow  subject  to  a 
sudden  replacement  of  smooth  and  rough  walls  was  found 
between  the  protruding  and  the  Hush  mounted  roughness 
elements  except  for  the  region  just  upstream  and  downstream 
the  step.  The  streamwise  variations  of  the  mean  and  fluctuating 
velocity  profiles  as  well  as  the  wall  shear  stress  correspond  well 
that  for  the  maximum  mean  velocity  in  a  cross-section  and  it 
can  sensitively  represent  how  far  the  relaxation  proceeds.  The 
so-called  universal  Karman  constant  does  vary  in  the  region  x/ 
h<20,  which  may  cause  the  log-law  dependent  methods  for  the 
wall  shear  stress  such  as  the  Preston  tube  to  give  a  results  which 
shows  an  over-  or  under-shooting. 
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INTRODUCTION 

The  turbulent  boundary  layer  is  of  fundamental 
importance  to  modellling  transport  in  engineering 
flows.  Over  the  past  decade  substantial  progress  has 
been  made  in  developing  more  accurate  computational 
models  for  turbulent  near-wall  flows.  For  example, 
with  the  use  of  data  bases  generated  by  Direct  Numer¬ 
ical  Simulations,  low  Reynolds  number  (LRN)  formu¬ 
lations  of  two-equation  and  second-moment  closures 
have  been  developed  which  reproduce  many  details  of 
the  turbulence  structure  in  the  near-wall  region.  The 
ability  to  accurately  reproduce  the  flow  structure  then 
translates  into  more  realistic  predictions  for  transport 
in  complex  flows. 

Unfortunately,  whereas  most  of  the  computational 
models  have  considered  boundary  layer  flows  over  sur¬ 
faces  which  are  smooth,  in  fact  many  practical  ap¬ 
plications  involve  surfaces  which  are  rough.  In  both 
industrial  and  environmental  applications,  computa¬ 
tional  models  are  limited  by  their  ability  to  incorpo¬ 
rate  the  effects  of  a  rough  surface.  This  is  not  to  say 
that  a  turbulent  flow  field  is  predominantly  affected 
by  surface  roughness  even  far  from  the  surface.  The 
‘wall  similarity’  hypothesis,  as  identified  by  Raupach 
et  al  (1991),  suggests  that  outside  the  roughness  sub¬ 
layer,  the  roughness  length  scales  become  irrelevant. 
On  the  other  hand,  recent  experimental  evidence  sug¬ 
gests  that  the  effect  of  surface  roughness  may  actually 
extend  beyond  the  proximity  of  the  roughness  surface 
layer.  The  recent  study  of  Krogstad  et  al  (1992)  specif¬ 
ically  compared  measurements  in  zero-pressure  gradi¬ 
ent  turbulent  boundary  layers  over  rough  and  smooth 
surfaces.  They  showed  significant  differences  between 
both  the  mean  and  turbulent  velocity  components  in 
rough  and  smooth  wall  boundary  layers.  These  dif¬ 
ferences  included:  1)  a  stronger  wake  component  in 
the  outer  region  of  the  rough  wall  boundary  layer;  and 
2)  a  distinct  increase  in  the  level  of  the  normal  veloc¬ 
ity  fluctuation  ( v 2)  for  the  rough  wall  boundary  layer. 
These  findings  are  supported  in  part  by  the  earlier  ex¬ 
periment  of  Acharya  and  Escudier  (1987),  who  also 
measured  significantly  higher  values  of  the  normal  ve¬ 
locity  fluctuation  over  a  rough  surface  compared  to 


a  smooth  surface.  The  level  measured  for  (t/2)  was 
also  found  to  be  sensitive  to  the  included  angle  of  the 
x-wire  probe.  Perry  et  al  (1987)  also  observed  the  ef¬ 
fect  of  sensor  angle  on  near-wall  measurements  over  a 
rough  surface. 

Given  the  discussion  above,  the  present  paper  re¬ 
ports  the  results  of  velocity  measurements  in  a  rough 
wall  turbulent  boundary  layer.  We  used  ‘off  the  shelf’ 
x-wire  anemometors  with  an  angle  of  90°  to  measure 
the  mean  and  fluctuating  components  in  the  bound¬ 
ary  layer  produced  by  flow  over  a  perforated  metal 
sheet  attached  to  the  ground  plane  of  our  wind  tun¬ 
nel.  Within  the  experimental  uncertainty  of  the  mea¬ 
surements,  we  observe  evidence  that  roughness  affects 
flow  structure  well  outside  the  extent  of  the  roughness 
sublayer. 

EXPERIMENT 

The  experiment  was  conducted  in  the  low  speed  test 
section  of  our  recirculating  wind  tunnel,  at  a  nominal 
freestream  velocity  of  20  m/s  and  0.5  percent  turbu¬ 
lence  intensity.  The  freestream  velocity  and  Reynolds 
number  based  on  momentum  thickness,  Rg  =  15900, 
were  close  to  those  used  in  the  experiment  of  Krogstad 
et  al  (1992).  Whereas  they  used  a  steel  woven  mesh 
screen  to  create  the  surface  roughness,  we  used  a  perfo¬ 
rated  sheet  1 .6  mm  thick  with  the  perforations  arrayed 
in  a  hexagonal  pattern.  The  perforation  diameter  was 
4.8  mm  with  a  spacing  of  6.3  mm  on  centers,  yielding 
an  openness  ratio  of  52.6  percent.  The  test  surface 
was  2m  long  and  lm  wide.  A  combination  of  three 
small  spires  and  a  thin  rod  were  used  to  promote  rapid 
development  of  the  boundary  layer  given  the  relatively 
short  test  section.  The  measurement  station  was  lo¬ 
cated  1.5  m  from  the  leading  edge  of  the  plate. 

An  x-wire  anemometer  probe  (TSI  model  no.  1243- 
T1.5)  was  selected  for  measuring  the  streamwise  and 
normal  velocity  components.  The  fact  that  the  probes 
used  an  angle  of  approximately  90°  limited  the  accu¬ 
racy  below  y/6  ~  0.2.  The  x-wire  sensors  selected 
are  platinum  coated  tungsten  wires.  The  diameter  of 
each  sensor  is  4  fim,  with  a  sensor  length  of  1.25  mm 
giving  a  length-to-diameter  ratio  of  313,  which  value 


is  relatively  high. 

The  x-wires  were  calibrated  in  situ  against  a  pitot- 
static  tube  using  a  static  calibration  procedure.  The 
calibration  analysis  procedure  follows  the  technique  of 
Bradshaw  (1971).  The  probe  was  placed  in  a  holder 
that  was  yawed  through  a  series  of  angles  over  a  range 
of  mean  flow  velocities.  At  each  velocity  and  angle, 
a  voltage  record  was  taken,  as  well  as  a  record  of  the 
mean  velocity  using  the  pitot-static  tube.  From  this 
record  of  voltage  for  each  discrete  angle  and  velocity, 
the  calibration  relationship  was  determined. 

The  first  step  in  the  calibration  analysis  was  to  de¬ 
velop  a  relationship  between  voltage  and  velocity  in 
the  unyawed  position  i.e.  with  both  wires  at  approx¬ 
imately  45  degrees  to  the  incident  flow.  The  voltage 
record  was  compared  to  the  pitot-static  tube  measure¬ 
ments  over  the  calibration  range  of  velocities,  approxi¬ 
mately  7—24  m/s.  A  separate  relationship  of  the  form 

U  =  A  +  Bx  +  Cx3  +  Dx3  (1) 

was  assumed  for  each  sensor.  A  least  squares  regres¬ 
sion  was  used  to  determine  the  calibration  constants 
for  each  sensor.  The  second  step  in  the  analysis  was 
to  assess  the  probe  sensitivity  to  yaw.  The  calibra¬ 
tion  provided  a  record  of  voltage  against  known  yaw 
angle  at  each  test  velocity.  The  velocity  calibration 
was  used  to  determine  an  ‘indicated  velocity’  for  each 
sensor  at  each  yaw  position.  The  relationship  between 
the  indicated  voltage  and  yaw  angle  was  determined  by 
comparing  the  velocity  calculated  in  the  unyawed  po¬ 
sition  to  the  indicated  velocity  in  the  yawed  position. 
The  effective  velocity  was  assumed  to  be  proportional 
to  the  actual  velocity  times  a  yaw  function,  f(a),  i.e. 

Ve  =  Vf(a) 

Following  the  effective  angle  method  proposed  by 
Bradshaw  (1971),  we  assumed  /  to  have  the  follow¬ 
ing  form; 

/(a)  =  cosa„ 

where  a*  is  the  ffective  angle.  The  value  of  the  effec¬ 
tive  angle  for  each  sensor  was  determined  using  the 
following  relationship: 

cos0  —  Vi /V0  =  tanae  sin#  (2) 

where  6  is  the  known  yaw  angle;  Vj>  is  the  indicated 
velocity  at  yaw  angle;  and  V0  is  the  velocity  in  the 
unyawed  position.  This  relationship  yields  a  straight 
line  slope  of  tan  ae.  Each  test  velocity  infers  its  own 
effective  angle.  In  our  investigation,  the  effective  an¬ 
gle  was  approximately  constant  over  the  range  of  test 
velocities  considered. 

The  two  velocity  components,  U  and  V,  were  deter¬ 
mined  using  the  sum  and  difference  method.  For  two 
non-identical  wires, 

U  =  (Vigi  +  Vagi)/(gi+g2)  (3) 

V  =  (V2-V1)/(g1+g2)  (4) 

where  VJ-  is  the  output  of  the  speed  calibration  for 
sensor  i  =  1,2;  and  p,  =  tana*;  relates  to  the  effec¬ 
tive  angle  of  that  sensor.  The  calibration  was  checked 
throughout  the  test  period  to  ensure  that  no  drift  in 
calibration  was  experienced. 

The  x-wire  voltage  records  were  filtered  using  an 
analog  filter  with  a  cut-off  frequency  of  8000  Hz.  The 
sampling  frequency  was  16, 000  Hz  and  ten  seconds  of 
data  was  acquired  at  each  point. 


RESULTS 

The  mean  velocity  profile  is  shown  in  Fig.’s  1  and 
2.  Fig.  1  uses  physical  coordinates,  i.e.  normalising 
with  the  free-stream  velocity,  Ue,  and  boundary  layer 
thickness,  6.  Fig.  2  uses  the  inner  coordinates,  i.e. 
normalising  with  the  friction  velocity,  UT ,  and  viscous 
length  scale,  v/UT.  We  observe  in  Fig.  1  the  charac¬ 
teristically  blunt  profile  of  a  turbulent  boundary  layer. 
In  Fig.  2,  the  effect  of  roughness  is  to  increase  the  wall 
friction,  so  that  the  logarithmic  profile  is  displaced  be¬ 
low  that  of  a  smooth  surface. 

One  of  the  central  questions  in  a  boundary  layer 
experiment  is  the  determination  of  the  wall  shear 
stress,  tw  ,  or  its  equivalent,  the  friction  velocity,  UT  = 
\f(Tw/p).  The  different  methods  which  are  used  in¬ 
clude  direct  measurement,  e.g.  with  a  floating  element 
gauge  (Archaya  and  Escudier,  1987),  use  of  a  momen¬ 
tum  balance,  or  by  fitting  the  mean  velocity  profile  to 
a  standard  profile.  We  adopt  the  third  approach  fol¬ 
lowing  Krogstad  et  al  (1992).  We  assume  the  mean 
velocity  profile  across  the  inner  and  outer  regions  to 
be  of  the  following  form: 

U f  =  -  In  y+  +  A  -  AU+  +  —u{rj)  (5) 

K  K 

where  U+  =  U/UT,  y+  =  (y+e)UT/v  and  T)  =  (y+e)/6; 
k  ~  0.41  and  A  =  5.3  are  assumed  to  be  constants.  In 
this  case,  y  is  measured  from  the  top  of  the  perfo¬ 
rated  sheet,  and  e  is  the  shift  in  origin  produced  by 
the  rough  surface.  AU+  is  the  (dimensionless)  rough¬ 
ness  function,  and  II  determines  the  strength  of  the 
wake  function  u(tj).  In  order  to  specify  the  velocity 
profile,  the  values  of  four  parameters  must  be  deter¬ 
mined:  Ut,c,AU+  and  II. 

Again  following  Krogstad  et  al  (1992),  we  fit  our 
profile  in  terms  of  the  velocity  defect  obtained  by  sub¬ 
tracting  !7+  from  its  own  value  at  the  edge  of  the 
boundary  layer,  i.e. 

on  1 

K>  K 

They  suggest  that  the  formulation  used  for  the  wake 
function  should  not  fix  the  value  of  the  wake  strength, 
II,  implicitly.  Therefore,  instead  of  adopting  the  com¬ 
monly  used  function  originally  proposed  by  Hama 
(1954),  they  choose  a  formulation  attributed  to  Fin¬ 
ley,  Koo  Chong  Phoe  and  and  Chin  Jeck  Poh  (1966), 
namely: 

“(V)  =  +  6H)  -  (1  +  4n)q]q2  (7) 

which  is  fitted  to  the  data  using  a  nonlinear  least- 
squares  optimisation  which  determines  the  three  pa¬ 
rameters:  D,e  and  UT .  The  optimisation  procedure  is 
described  in  greater  detail  in  their  paper. 

Following  this  method,  we  fitted  our  mean  velocity 
data  to  the  defect  law  given  in  equation  (6).  The  values 
obtained  for  the  parameters  were  as  follows: 

UT  —  0.84  m/s  ;  e  =  0.64  mm  ;  H  =  0.429 

The  mean  velocity  defect  profile  is  presented  in  Fig.  3. 
The  value  obtained  for  the  strength  of  the  wake  in  our 
experiment,  II  =  0.429,  was  somewhat  low,  although 
certainly  well  within  the  range  of  0.4  to  0.7  quoted 
by  Tani  (1988)  for  Jb-surfaces.  The  value  obtained  by 
Krogstad  et  al  (1992)  of  H  =  0.70  was  significantly 
higher.  The  difference  in  II  for  the  two  experiments 
may  be  partly  attributed  to  the  fact  that  in  our  case 
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the  roughness  was  produced  by  a  perforated  plate  at¬ 
tached  to  the  ground  board,  while  they  used  a  woven 
mesh.  The  value  obtained  for  the  friction  velocity, 
UT  =  0.84  corresponded  to  a  skin  friction  coefficient  of 
cj  =  3.6  x  10-3. 

The  profiles  measured  for  the  three  Reynolds  stress 
components  (ti2),  (t/2)  and  (ut>)  are  given  in  Fig.’s  4, 
5  and  6,  respectively.  In  each  case  we  have  shown 
for  comparison  the  measurements  of  Krogstad  ei  al 
(1992)  extracted  from  the  figures  in  their  paper.  Since 
our  x-wire  probes  used  an  angle  of  90°,  they  begin 
to  lose  accuracy  below  tj  ~  0.3.  In  Fig.  5  for  the 
normal  Reynolds  stress  component,  our  measurements 
fall  between  those  of  Krogstad  et  al  (1992)  using  95° 
and  120°  angle  probes.  We  suspect  that  the  sharp  rise 
in  the  streamwise  Reynolds  component  near  the  wall 
in  Fig.  4  which  is  erroneous  can  also  be  attributed  to 
this  angle  effect. 

Overall  the  measured  Reynolds  stress  profiles  lend 
support  to  the  notion  that  rough  wall  boundary  lay¬ 
ers  are  characterised  by  higher  Reynolds  stress  levels. 
This  is  most  pronounced  for  the  case  of  the  normal 
component,  (t/2),  as  would  be  expected.  From  Fig.  6, 
the  Reynold  shear  stress  profile,  when  plotted  in  terms 
of  inner  coordinates,  extrapolates  to  a  value  close  to 
unity  at  the  wall.  This  suggests  that  the  wall  friction 
velocity  inferred  from  the  mean  velocity  profile  was 
consistent  with  the  Reynolds  stress  measurements. 

CONCLUSIONS 

We  present  experimental  measurements  of  the  mean 
and  fluctuating  velocity  components  in  a  rough  wall 
turbulent  boundary  layer  produced  by  flow  over  a  per¬ 
forated  plate.  Our  results  are  further  evidence  of  dis¬ 
tinct  differences  between  the  turbulence  structure  in  a 
rough  wall  and  smooth  wall  boundary  layer. 
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Figure  1:  Mean  velocity  profile  in  physical  coordinates. 


Figure  2:  Mean  velocity  profile  using  inner  coordi¬ 
nates. 

■  x-wire;  —  log-law  for  smooth  wall. 
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Figure  3:  Mean  velocity  defect  profile.  Figure  5:  Normal  Reynolds  stress  component. 

■  x-wire;  +  120°  probe,  x  95°  probe 

—  curve  fit  to  eqn  (6).  from  Krogstad  et  al  (1992). 


Figure  4:  Streamwise  Reynolds  stress  component.  Figure  6:  Reynolds  shear  stress  component. 

■  x-wire;  +  Krogstad  et  al  (1992)  ■  x-wire;  +  Krogstad  et  al  (1992) 
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ABSTRACT 

This  is  a  preliminary  study  devoted  to  verify  whether 
the  direct  simulations  of  MHD  flows  reproduce  the  exper¬ 
imental  observations  of  a  drag  reduction  for  liquid  metals. 
Two  different  cases  have  been  simulated  by  a  finite  differ¬ 
ence  scheme  second  order  accurate  in  space  and  time  with 
staggered  velocities.  In  the  first  case  an  external  azimuthal 
magnetic  field  is  imposed.  In  this  case  the  magnetic  field 
acts  on  the  mean  axial  velocity  and  the  complete  laminar- 
ization  of  the  flow  at  Ha  =  30  has  been  achieved.  In  the 
second  case  an  axial  magnetic  field  is  imposed  which  af¬ 
fect  only  the  fluctuating  velocities  and  thus  the  action  is 
less  efficient.  This  second  case  is  more  interesting  and  the 
comparison  between  the  numerical  and  the  experimental 
results  is  only  qualitative. 

INTRODUCTION 

The  present  study  is  devoted  to  show  that  some  of  the 
experimental  observations  in  liquid  metals  can  be  qualita¬ 
tively  described  by  a  coarse  direct  simulation  of  the  Navier- 
Stokes  and  of  the  magnetic  field  equations  without  any  low 
Reynolds  magnetic  number  approximation.  Dealing  with 
liquid  metals  as  sodium  or  mercury,  in  the  real  applica¬ 
tions,  the  Reynolds  numbers  are  in  the  range  affordable 
by  the  direct  simulations.  The  direct  simulation  can,  then 
be  used  as  a  design  tool  in  practical  applications.  Since 
in  the  experiments  with  liquid  metals  it  is  almost  impos¬ 
sible  to  perform  flow  visualizations  and  the  measurements 
of  turbulent  quantities  are  difficult,  direct  simulations  give 
the  desired  turbulent  and  velocity  profiles  and  by  vorticity 
visualizations  permit  to  understand  better  the  physics  of 
the  flows. 

The  previous  direct  simulations  of  MHD  flows  for  the 
major  part  were  devoted  to  isotropic  turbulence  o  (Kida 
et  al.  (1991))  and,  to  my  knowledge,  there  it  was  only  one 
devoted  to  the  LES  of  flows  in  presence  of  solid  boundaries. 
Shimomura  (1991)  considered  the  case  of  a  magnetic  field 
perpendicular  to  the  wall,  and  in  this  case  the  drag  in¬ 
creases  as  observed  in  the  experiment  by  Reed  fc  Likoudis 
(1978).  On  the  other  hand,  drag  reduction  occurs  when 
the  magnetic  field  is  directed  in  the  streamwise  or  in  the 
spanwise  direction.  The  realization  in  the  laboratory  of 


the  second  case  is  easy  for  a  plane  channel  with  a  reason¬ 
able  aspect  ratio,  but  the  Hartmann  boundary  layers  on 
the  side  walls  play  a  role.  In  a  circular  pipe  one  way  to 
assign  the  external  azimuthal  magnetic  field  is  by  an  elec¬ 
trical  wire  as  thinner  as  possible  located  at  the  center  of 
the  pipe  and  this  set-up  is  difficult  to  realise  and  could  in¬ 
fluence  the  flow-field.  This  is  the  reason  why  for  the  case  of 
spanwise  external  magnetic  fields  there  are  a  large  number 
of  experiments  for  plane  geometries,  and  some  of  these  are 
listed  in  the  review  papers  by  Moffatt  and  Tsinober  (1992) 
and  by  Tsinober  (1990). 

The  realizations  of  an  axial  magnetic  field  inside  a  cir¬ 
cular  pipe  is  easier  to  setup  and  two  well  documented  ex¬ 
periments  by  Fraim  fc  Heiser  (1968)  and  by  Krasil’nikov  et 
al.  (1973)  are  available.  The  friction  coefficient  reduction 
was  measured  at  different  Re  and  intensities  of  the  external 
magnetic  field.  The  main  difference  between  the  two  cases 
is  that  in  the  case  of  an  azimuthal  field  the  Lorenz  force 
acts  on  the  mean  streamwise  velocity  profile  reducing  the 
mean  shear  and  thus  the  production  of  turbulent  energy. 
In  presence  of  an  axial  field,  instead  the  Lorenz  force  acts 
on  the  fluctuating  components  and  thus  it  is  less  effective. 

In  both  cases,  without  using  any  superconducting  ma¬ 
terials,  the  efficiency,  that  is  the  ratio  between  the  input 
of  energy  and  the  benefit  achieved  by  the  skin  friction  re¬ 
duction,  is  very  low.  Thus  this  mechanism  leading  to  drag 
reduction  could  be  used  in  applications  where  it  is  not  im¬ 
portant  the  efficiency  but  it  is  important  to  reach  the  goal 
of  a  drag  reduction. 


PHYSICAL  AND  NUMERICAL  MODEL 

The  dimensionless  Navier-Stokes  equations  when  a  con¬ 
ducting  fluid  is  subjected  to  a  magnetic  field  are 


Dt 


where  in  the  Lorenz  force  the  relationship  between  J  and 
B,  J  =  V  x  B  was  used.  B  is  calculated  by 


D  B 
Dt 


1 

RePm 


V2B  +  (B  •  V)U 


(2) 
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The  dimensionless  equations  have  been  obtained  by  tak¬ 
ing  the  pipe  radius  R  as  reference  length,  the  laminar 
Poiseuille  velocity  Up  as  velocity  scale  and  the  magnitude 
of  the  external  magnetic  field  Bo.  Together  with  the  fluid 
properties,  v  the  kinematic  viscosity,  p  the  magnetic  per¬ 
meability  and  cr  the  electrical  conductivity  the  dimension¬ 
less  number  are.  Re  =  UbD/v  =  UpR/v  is  the  Reynolds 
number  Pm  =  vfiff  is  the  magnetic  Prandtl  number  and 
Ha  =  BoR\J  a  j  pv  is  the  Hartmann  number. 

These  equations  can  be  solved  when  boundary  conditions 
are  assigned.  This  paper  deeds  with  flows  inside  a  circu¬ 
lar  pipe,  hence  the  usual  no-slip  conditions  are  assumed 
on  the  wall.  Being  interested  to  the  statistical  steady 
state,  periodicity  is  assumed  along  the  streamwise  direc¬ 
tion.  About  the  external  magnetic  field  two  different  dis¬ 
tributions  can  be  assigned,  and  these  should  be  solution  of 
the  U  and  B  equations  averaged  in  the  8  and  x  directions. 
The  components  of  the  mean  velocity  U  are  Ur  =  Ue  =  0 
and  Ux(r)  ^  0,  from  these  conditions  if  we  assume  that 
the  external  magnetic  field  is  only  azimuthal  it  must  be 
Be  =  Bor.  On  the  other  hand  if  there  is  only  an  axial 
field  it  must  be  Bx  =  Bo.  By  these  boundary  conditions, 
in  the  Be  case,  it  results  that  on  the  pipe  wall  there  is  a 
strong  density  current,  on  the  Bx  case,  instead  the  density 
current  is  low. 

From  a  physical  point  of  view  it  is  interesting  to  compare 
the  action  of  the  Lorenz  force  in  the  two  cases  and  the 
low  Reynolds  number  approximations  can  facilitate  this 
analysis.  Within  this  approximation  the  equations  of  the 
magnetic  field  are  replaced  by  the  equation  of  the  potential 
of  the  electric  field  $  which  is  related  to  the  current  density 
by  J  —  — V$  +  U  x  B.  $  can  be  calculated  by  the  equation 


V23>  =  V  U  x  B 

(3) 

obtained  by  imposing  V  •  J  =  O.The  component  of  the 
Lorenz  force  for  Be  =  Bqt  are 

dqr  _  Ha2.  rd$ 

dt  ~  Re  t  dx  9rBe]Be 

(4) 

dqx  _  Ha2  d$ 
dt  ~  Re  1  dr  V*BelBe 

(5) 

and  for  Bx  =  Bo 

dqr  _  Ha2  rd$ 
dt  ~  Re  [  88  ~  qrB*lB* 

(6) 

dqe  Ha 2  f  rd$ 

dt  ~  Re  dr  qeB*\B* 

(?) 

It  results  that  in  the  first  case  the  external  magnetic  field 
decreases  Ux  and  thus  the  reduction  of  turbulence  is  more 
effective  since  the  mean  shear  is  reduced.  On  the  second 
case  the  magnetic  field  acts  only  on  the  fluctuating  com¬ 
ponents. 


FIGURE  1 .  Profiles  of  rms  vorticity  fluctuations  in  wall 
units,  a)  lines,  present  65  x  65  x  65,  b)  closed  symbols 
present  129  x  97  x  129  c)  open  symbols  Eggels  et  al.  257  x 

129  x  129  ( - ,  -,  o  ,  v'e),  ( - ,  *  ,  a  ,  v'r),  ( .  , 

•  ,  o  ,  v'x). 


A  first  attempt  has  been  done  to  solve  this  simplified  set 
of  equations  but  the  results  were  not  satisfactory  .  A  first 
explanation  is  that  to  maintain  a  constant  flow  rate  the 
pressure  gradient  has  to  account  for  the  part  of  the  Lorenz 
force  proportional  to  Be  and  since  this  term  at  high  Ha  is 
greater  than  the  friction  losses  the  evaluation  of  the  skin 
friction  was  not  accurate.  Dealing  with  the  full  system 
of  equations  the  contribution  of  Lorenz  force  to  the  mean 
pressure  gradient  is  zero. 

The  second  order  finite  difference  scheme  in  space  and 
time  developed  by  Verzicco  &  Orlandi  (1996)  tested  for  sev¬ 
eral  laminar  flows  and  for  rotating  and  non-rotating  turbu¬ 
lent  pipes  (Orlandi  &  Fatica  (1996))  was  adapted  to  solve 
the  magnetic  equations.  To  deal  with  the  axis  the  quanti¬ 
ties  hr  =  rbr,he  =  rbe,  hx  =  bx  have  been  used,  as  it  was 
done  for  the  velocity  components  (  qr  =  rvr,  qe  =  rve,  qx  = 
vx).  The  B  and  U  components  are  located  at  the  center 
of  the  face  of  the  cell.  The  fractional  step  method  used  for 
the  velocity  field  was  used  for  the  magnetic  field. 
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RESULTS 


FIGURE  2.  Time  evolution  of  ur  for  external  Be 

( -  Ha  -  0),  ( .  Ha  =  20),  ( - Ha  =  28), 

( - Ha  =  30),  ( - Ha  =  32). 

Without  magnetic  field  there  is  higher  turbulence  level, 
therefore  the  validation  of  the  grid  adequacy  has  been  per¬ 
formed  for  Ha  =  0.  The  simulation  with  the  magnetic  field 
requires  more  memory  and  longer  CPU  time  because  of 
three  more  parabolic  equations.  Thus  in  this  study  limited 
to  investigate  whether  the  direct  simulation  reproduces  the 
drag  reduction  observed  in  the  experiments,  the  grid  should 
be  kept  as  small  as  possible  but  such  as  to  give  satisfactory 
results  for  the  second  order  statistics.  Fig.l  shows  that  a 
grid  65  x  65  x  65  gives  normal  stresses  profiles  in  wall  units 
in  good  agreement  with  those  by  a  more  refined  simulations 
(129  x  97  X  129)  and  with  that  by  Eggels  et  al.  (1994)  with 
a  more  refined  grid  in  x.  A  coarse  simulation  does  not  re¬ 
solve  the  velocity  gradients  and  this  affects  the  rms  profiles 
in  a  different  manner.  From  previous  simulations  (Orlandi 
&  Fatica  (1996)  )at  Ha  =  0  has  been  observed  that  the 
insufficient  resolution  in  8  and  x  produces  a  reduction  on 
v'.  and  v'g  while  that  in  r  affects  v'x.  This  explains  why 
the  present  coarse  vxTms  profile  near  the  wall  agrees  with 
that  by  Eggels  et  al.  (1994)  which  was  obtained  by  a  uni¬ 
form  grid  in  r.  97  equidistant  points  in  r  located  only  7 
points  within  =  15  while  the  present  nonuniform  grid 
located  18  points  in  the  same  distance.  The  differences 
are  not  so  elevated  thus  this  resolution  is  satisfactory  for  a 
preliminary  understanding  of  MHD  drag  reduction. 


FIGURE  3.  Time  evolution  of  ur  for  external  Bx 
( - Ha  =  0),  ( .  Ha  =  20),  ( - Ha  —  60). 

The  simulations  of  an  external  azimuthal  magnetic  field 
have  been  performed  for  Ha  =  20,28,30  and  32  starting 
from  the  field  at  1  =  250  of  Ha  =  0  and  advancing  for  750 
dimensionless  time  units.  The  statistics  were  computed 
from  50  fields  distant  each  other  10  time  units.  The  evo¬ 
lution  within  the  first  250  time  units  was  discarded  since 
in  this  period  the  flow  adjusts  to  the  abrupt  effects  of  the 
magnetic  field.  The  uT  time  evolution  in  Fig. 2  shows  that 
this  transitory  period  is  as  longer  as  higher  is  the  Ha  num¬ 
ber.  Fig. 2  furthermore  shows  that  the  magnetic  field  re¬ 
duces  the  high  frequency  oscillations,  and  that  for  high 
Hartmann  numbers  ( Ha  >  30)  the  flow  becomes  laminar. 
In  the  experiment  by  Branover  et  al.  (1966),  in  a  plane 
channel  with  an  aspect  ratio  b/a  =  0.067,  the  Hartman 
layers  on  the  vertical  wall  should  not  play  a  substantial 
role.  Thus  the  results  could  be  considered  for  a  compari¬ 
son  with  the  present  simulations.  However  also  in  absence 
of  magnetic  field  the  pipe  and  the  two  dimensional  channel 
differ,  as  for  example  shown  by  Durst  et  al.  (1995),  thus 
differences  should  be  expected  in  presence  of  the  magnetic 
field.  In  the  experiment  A  =  CjHa/C/o,  that  is  the  ra¬ 
tio  between  the  Cj  with  and  without  magnetic  field  de¬ 
pends  on  the  Reynolds  number.  At  Re  =  UbD/v  =  7600 
for  Ha  =  20  and  28  A  is  respectively  equal  to  0.82  and 
0.62.  In  the  pipe  it  was  found  0.86  and  0.77  and  approxi¬ 
mately  at  H a  =  30  the  laminar  state  was  achieved.  I  wish 
to  recall  that  at  RT  =  180  in  the  channel  it  corresponds 
Re  =  Ub 2b jv  =  5600  and  at  this  Reynolds  number  the  ex¬ 
periments  of  Branover  et  al.  (1966)  show  a  laminar  state 
and  the  present  simulations  differs  more  from  the  experi¬ 
ments. 
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FIGURE  4.  Radial  streamwise  velocity  profile  in  wall 

units  ( - log  law),  ( .  Ha  =  0  ),  (•  Ha  =  28  ,  Be 

),  (o  Ha  =  60  ,  Bx). 

The  same  initial  conditions  were  used  to  solve  the  case 
of  an  axial  magnetic  held.  Fig. 3  shows  that  uT  does  not 
change  considerably  going  from  Ha  =  20  to  60.  The  exper¬ 
iment  by  Fraim  &  Heiser  for  Re  =  4900  at  Ha/ Re  =  0.122 
gives  for  the  friction  factor  X  =  0.0305,  a  value  smaller  than 
0.035  found  in  the  present  simulation.  The  experimental 
and  the  numerical  simulations  produce  a  value  of  0.385  for 
Ha  =  0.  Attempts  were  done  to  perform  simulations  at 
higher  Hartmann  numbers  to  investigate  whether  the  nu¬ 
merical  simulation  also  in  this  case  reproduces  a  laminar 
state.  The  numerical  simulation  after  the  initial  uT  drop 
showed  an  increase  of  the  drag,  associated  to  larger  tur¬ 
bulent  intensities  near  the  center,  and  the  calculation  was 
diverging.  Different  initial  conditions  such  as  the  field  for 
Ha  =  60  at  t  =  1000  have  been  also  assigned  without  any 
success. 

Before  discussing  the  velocity  and  rms  velocity  profiles 
it  is  interesting  to  understand  why  in  these  conditions  the 
efficiency  is  very  low.  The  efficiency  is  defined  as  the  ratio 
between  the  energy  saved  by  skin  friction  reduction  and 
the  input  energy  necessary  to  generate  the  magnetic  field. 
It  is  e  =  (1.  —  X)ReRl Pm2 / H a2 .  Since  for  liquid  metals 
the  magnetic  Prandtl  number  is  O(10-7)  it  is  clear  why 
the  efficiency  is  very  low. 


FIGURE  5.  rms  velocity  profiles  in  wall  units  a)  v'x,  b) 
v'r,  ( .  Ha  =  0  ),  (•  Ha  =  28  ,  Be  ),  (o  Ha  =  60  ,  Bx). 

It  is  interesting  to  make  a  comparison  between  the  two 
cases  respectively  at  Ha  =  28  and  at  Ha  —  60.  Recalling 
that,  in  presence  of  Bg,  the  Lorenz  force  effects  the  mean 
velocity,  Fig. 4  shows  that  the  velocity  profile  does  not  have 
any  more  the  log  law  and  that  the  profile  is  getting  close 
to  a  laminar  profile.  On  the  contrary  the  case  with  Bx  has 
a  well  defined  log  law  shifted  upwards  reminiscent  of  other 
flows  with  drag  reduction. 
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FIGURE  6.  One-dimensional  energy  spectra  a)  azimuthal 
,  b)  axia  FIGURE  6.  One-dimensional  energy  spectra  a) 

azimuthal  ,  b)  axial  directions,  ( .  Ha  =  0  ),  (•  Ha  = 

28  ,  Be  ),  (o  Ha  =  60  ,  Bx). 

The  direct  simulations  explain  through  the  profiles  and 
the  spectra  of  the  normal  turbulent  stresses  that  the  ef¬ 
fects  of  the  magnetic  field  are  different  in  the  two  cases. 
The  profiles  of  v'x  and  v'T  in  Fig.5a-b  show  that  Be  reduces 
both  everywhere  and  that  Bx  on  the  other  hand  has  a  more 
complex  effect.  In  fact,  while  the  axial  stress  increases  ev¬ 


erywhere,  v'g  is  reduced  in  the  buffer  region  and  increases 
at  the  center.  For  Be  the  drag  reduction  is  associated  to  a 
reduction  of  turbulent  intensity  on  the  other  hand  for  Bx 
the  reduction  is  associated  to  modifications  of  the  vortical 
structures.  The  one  dimensional  azimuthal  energy  spectra 
detect  the  size  of  the  energy  containing  eddies  which  near 
the  wall  are  those  responsible  to  the  wall  friction.  These 
spectra  are  shown  for  the  axial  and  azimuthal  components 
at  y+  w  10,  the  location  of  high  turbulence  production.  In 
discussing  the  spectra  in  Fig.6a-b  I  am  having  in  mind  con¬ 
tours  plots  of  fluctuating  velocity  even  if  these  plots  are  not 
presented.  The  spectra  show  that  Be  reduces  the  energy 
level  ad  small  scales  and  that  there  is  a  transfer  of  energy 
to  the  large  scales.  The  spectrum  for  the  Bx  case  shows 
that  the  containing  energy  scale  of  the  v'x  components  are 
larger  than  those  without  magnetic  field.  These  then  are 
located  at  a  greater  distance  from  the  wall  and  thus  the 
friction  decreases.  For  the  azimuthal  stresses  Bx  produces 
a  similar  transfer  at  the  large  scales  but  in  this  case  also 
the  energy  level  is  reduced  at  each  wave  number. 

CONCLUSIONS 

The  present  study  has  shown  that  the  numerical  simula¬ 
tion  of  MHD  flows  for  liquid  metal  is  feasible  and  that  qual¬ 
itatively  reproduces  the  experiments.  It  has  been  shown 
that  for  these  fluids  the  drag  reduction  is  inefficient,  that 
is  that  a  large  amount  of  electrical  power  must  be  fur¬ 
nished  to  achieve  the  desired  goal.  The  reduction  of  the 
turbulent  levels  could  be  of  large  interest  in  several  appli¬ 
cations  where  the  energy  saving  is  not  important,  These 
direct  simulations  moreover  have  a  large  interest  per  se  to 
study  the  turbulence  physics  when  it  is  subjected  to  ex¬ 
ternal  forces.  There  are  in  fact  similarities  between  MHD 
turbulence  and  turbulence  subjected  to  background  rota¬ 
tion  as  it  was  claimed  by  Tsinober  (1990).  In  both  cases  a 
drag  reduction  is  achieved  but  the  mechanism  is  different. 
In  a  previous  study  (Orlandi  (1995))  it  was  found  that  the 
background  rotation  breaks  the  symmetry  of  right-  and 
left-handed  vortical  structures  by  increasing  the  helicity 
density  near  the  wall.  Thus  the  vortical  structures  have  a 
greater  degree  of  order  leading  to  a  reduction  of  production 
and  dissipation  near  the  wall.  In  the  case  of  MHD  flows 
the  helicity  density  was  null  across  the  pipe  as  for  Ha  =  0 
and  so  the  decrease  of  production  and  dissipation  are  due 
to  the  reduction  of  turbulence  intensities,  that  is  greater 
as  smaller  are  the  scales.  Thus  the  small  scale  structures 
near  the  wall  disappear  and  remain  the  large  scales  pro¬ 
ducing  bursting  events  less  intense.  However  the  amount 
of  disorder  near  the  wall  for  MHD  flows  remain  unchanged 
with  respect  to  that  of  a  non-rotating  pipe. 

These  preliminary  coarse  direct  simulations  have  the  ca¬ 
pability  to  reproduce  the  different  behavior  between  the 
case  with  an  azimuthal  and  an  axial  magnetic  field.  On  the 
contrary  the  quantitative  comparison  between  the  experi¬ 
ments  and  the  numerics  was  poor.  This  is  something  that 
should  be  explained  and  it  requires  a  careful  grid  resolution 
checks.  From  the  turbulence  point  of  view  the  case  of  an 
axial  magnetic  field  is  more  interesting  because  the  exter¬ 
nal  force  acts  only  on  the  turbulence.  A  close  comparison 
between  this  case  and  rotating  pipes  is  useful  to  investigate 
whether  or  not  there  is  a  common  physical  mechanism  on 
drag  reduction. 

Acknowledgements  :  The  author  is  sincerely  grateful  to  the 
CTR  for  hosting  him  on  the  summer  1996  and  to  the  stim¬ 
ulating  discussions  with  Prof.  H.Choi.  A  private  commu¬ 
nication  by  Prof.  A.  Tsinober  is  appreciated.  The  research 
was  partially  supported  by  MURST  grants. 


14-26 


REFERENCES 

Branover,  G.,  G.,  Gel’fat,  Yu.,  M.,  fc  Tsinober  A. ,1966 
“Turbulent  magnetohydrodynamic  flows  in  prismatic  and 
cylindrical  ducts  ”  Magnetohydrodynamics, V ol.2,pp.  3-21. 

Durst,  F.,  Jovanovic’,  J.  fc  Sender,  J.,1995  “LDA  mea¬ 
surements  in  the  near-wall  region  of  a  turbulent  pipe  flow” 
J. Fluid  Mech, Vol.  295, pp.  305-335. 

Kida,  S.,  Yanase,  S.,  &  Mizushima,  J.,  1991  “Statis¬ 
tical  properties  of  MHD  turbulence  and  turbulent  dy¬ 
namo”  Phys.  Fluids  A, Vol. 3, pp.  457-465. 

Eggels,  J.G.M.,  Unger,  F.,  Weiss,  M.H.,  Westerweel,  J., 
Adrian,  R.J.,  Friedrich,  R.  &  Nieuwstadt,  F.T.M.,  1994 
“Fully  developed  turbulent  pipe  flow:  a  comparison  be¬ 
tween  direct  numerical  simulation  and  experiment”  J.  Fluid 
Mech, Vol.268,pp.  175-209. 

Fraim,  F,  W.,  &  Heiser,  W.,  H.,  1968  “The  effect  of  a 
strong  longitudinal  magnetic  field  on  the  flow  of  mercury 
in  a  circular  tube”  J. Fluid  Mech, Vol. 33, pp.  397-413. 

Krasil’nikov,  E.,  Yu,  Lushchick,  V.,  G.,  Nikolaenko,  V., 
S.  &;  Panevin,  I.,  G.,  1970  “Experimental  study  of  the  flow 
of  an  electrically  conducting  liquid  in  a  circular  tube  in  an 
axial  magnetic  field  ” Fluid  Dynamics, Vol. 6, pp.  317-320. 

Moffatt,  H.,  K.  &  Tsinober,  A.,  1992  “Helicity  in  laminar 
and  turbulent  flow”  Annu.  Rev.  Fluid.  Mech.,V ol.24,pp. 
281-312. 

Orlandi  P.,  1997  “Helicity  fluctuations  and  turbulent  en¬ 
ergy  production  in  rotating  and  non-rotating  pipes”  To 
appear  Phys.  Fluids  A  and  Annual  Research  Brief  of  CTR 
1995,  pp.  198-208. 

Orlandi  P.  fe  Fatica,  M.,  1996  “Direct  simulations  of  a 
turbulent  pipe  rotating  along  the  axis”  To  be  published  on 
J. Fluid  Mech.. 

Reed,  C.  B.  &  Likoudis,  P.,  S.,  1978  “The  effect  of 
a  transverse  magnetic  field  on  shear  turbulence”  J. Fluid 
Mech, Vol. 89, pp.  147-171. 

Shimomura,  Y.  ,  1991  “Large  eddy  simulation  of  magne¬ 
tohydrodynamic  turbulent  channel  flows  under  a  uniform 
magnetic  field”  Phys.  Fluids  A, V ol.3,pp.  3098-3106. 

Tsinober,  A.,  1990  “MHD  flow  drag  reduction”  Viscous 
drag  reduction  in  boundary  layers  edited  by  D.,  M.,  Bush- 
nell  fc  J.,  N.,  Hefner  Progress  in  Astronautics  and  aero¬ 
nautics, Vol.  123, pp.  327-349. 

Tsinober,  A.,,  1990  “  Turbulent  Drag  Reduction  Ver¬ 
sus  Structure  of  Turbulence”  Structure  of  Turbulence  and 
Drag  Reduction  ed.  A.  Gyr.  Berlin:  Springer  Verlag,  313- 
340. 

Verzicco,  R.  V  Orlandi  P.,  1996  “  A  finite  difference 
scheme  for  direct  simulation  in  cylindrical  coordinates”  J. 
of  Comp.  Phys, Vol.  123, pp.  402-414. 


14-27 


SESSION  15  -  APPLICATIONS  I 


COMBINED  P.I.V.  AND  L.D.V.  ANALYSIS  OF  THE  EVOLUTION 
AND  BREAKDOWN  OF  A  COMPRESSED  TUMBLING  VORTEX 
Daniel  Marc,  Jacques  Boree,  Rudy  Bazile  and  Georges  Charnay 


Institut  de  M6canique  des  Fluides 
UMR  CNRS/INPT-UPS  5502 
Allee  du  Professeur  Camille  Soula 
31400  TOULOUSE 
FRANCE 


ABSTRACT:  A  model  experimental  set-up  dedicated  to 
the  study  of  a  compressed  tumbling  motion  is  presented. 
Measurements  are  obtained  by  using  LDV  and  PIV  in  a 
complementary  way.  We  quantify  effects  of  cycle  to  cycle 
variations  on  ensemble  mean  and  fluctuating  velocity 
fields  at  the  end  of  the  admission  phase.  The  influence  of 
initial  charge  rotation  on  turbulence  is  discussed.  During 
the  compression  phase,  the  breaking  down  of  the 
tumbling  vortex  is  a  gradual  process  and  the  vortex/wall 
interaction  is  proved  to  be  an  essential  mechanism 
responsible  for  abrupt  modifications  of  the  flow  field  and 
for  the  generation  of  3D  turbulence.  The  problem  of 
turbulence  level  estimation  appears  very  complex  owing 
to  cyclic  variations.  This  point  is  discussed  by  computing 
both  ensemble  and  in-cycle  rms  velocities  from  PIV 
velocity  fields.  We  show  that  the  turbulent  velocity  field  at 
TDC  is  quasi  homogeneous  and  isotropic.  The  turbulent 
integral  length  scales  are  computed. 


1  -  INTRODUCTION 

An  important  research  is  presently  dedicated  to  the 
optimisation  of  in  cylinder  flow  motion  in  spark  ignition 
engines  in  order  to  meet  emission  and  fuel  economy 
requirements  (Arcoumanis  and  Whitelaw  1987;  Hill  and 
Zhang  1994).  To  save  time  and  money  in  engine 
development,  computer  codes  are  developed  to  deal  with 
these  complex  unsteady  flows.  However,  owing  to  the 
complexity  -  and  often  uncertainty  -  of  measurements  in  real 
engines,  validation  of  existing  predictions  and  development 
of  new  turbulence  models  often  require  the  use  of  model 
experiment  set-up  to  isolate  and  analyse  precisely  typical 
physical  mechanisms. 

A  square  piston  compression  machine  (Marc  et  al  1996)  is 
presently  used  at  IMFT  to  study  the  compression  of  a 
bidimensional  tumbling  motion  (fig.  1).  The  tumbling 
motion  sketched  in  figure  1  is  a  rotating  flow  generated 
during  the  admission  phase  which  axis  is  perpendicular  to  the 
cylinder  axis.  A  complex  "vortex  breakdown"  occurs  during 
the  compression  phase  and  results  in  the  generation  of  a 
significant  turbulence  level.  This  feature  is  used  to  obtain  a 


shorter  combustion  period  and  to  widen  air-fuel  ratio  limits 
in  engines  and  is  highly  linked  with  present  environmental 
preoccupations.  The  compression  chamber  is  equipped  with 
large  optical  access  in  order  to  study  the  generation, 
evolution  and  further  breakdown  of  the  large  tumbling 
motion  with  optical  diagnostic  techniques.  Results  and 
interpretations  based  on  both  Particle  Image  Velocimetry 
(PIV)  and  Laser  Doppler  Velocimetry  (LDV)  enable  an 
accurate  and  complementary  study  of  the  compressed 
tumbling  motion. 

The  experimental  set-up  and  flow  measurement  techniques 
will  be  first  described.  The  flow  structure  obtained  at  the  end 
of  the  admission  phase  and  the  very  well  known  problem 
associated  with  cycle  to  cycle  variations  will  be  presented. 
Data  will  show  that  a  major  effect  of  rotation  on  turbulence 
can  be  expected.  In  such  a  situation,  the  so  called  "vortex 
breakdown"  process  is  highly  complex  and  is  not  yet  fully 
understood.  Moreover,  the  nature  of  the  turbulent  velocity 
field  obtained  after  the  destabilisation  of  the  initial  basic 
organised  flow  is  not  known.  Combined  PIV  and  LDV 
measurements  during  the  compression  will  provide  a  good 
picture  of  the  compressed  tumble  and  will  particularly  show 
the  importance  of  the  vortex  interaction  with  walls  as  the 
gradual  "breakdown"  process  is  concerned.  The  nature  of  the 
turbulent  field  at  the  end  of  the  compression  phase  will  be 
further  analysed  from  refined  PIV  velocity  fields.  Integral 
length  scales  will  be  computed  and  discussed. 

2  -  EXPERIMENTAL  ARRANGEMENT 
a/  Compression  chamber 

The  compression  engine  available  at  IMFT  has  a  square 

cylinder  (100  x  100  mm  )  equipped  with  a  flat  head.  The 
distance  between  the  piston  and  cylinder  head  at  Bottom 
Dead  Centre  (BDC)  is  H=100  mm.  The  present  data  have 
been  obtained  with  a  volumetric  ratio  of  £=5  corresponding 
to  a  stroke  of  the  piston  of  80  mm.  The  optical  access  and 
PIV  laser  sheets  orientations  are  sketched  in  figure  1.  Laser 
sheet  1  (LSI)  is  perpendicular  to  the  axis  of  the  tumble  and 
lights  the  upper  60%  of  the  compression  chamber.  Laser 
sheet  2  (LS2)  is  parallel  to  the  axis  of  the  tumble.  The  piston 
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is  driven  at  200  rpm  by  an  alternative  machine  tool  and  the 
maximum  piston  velocity  reaches  one  meter  per  second.  The 
location  of  the  piston  within  the  chamber  is  accurately 
measured  by  a  magnetic  ruler  fixed  on  the  machine  tool.  This 
device  makes  it  possible  to  perform  statistical  PIV  and  LDV 
measurements  at  a  given  position  of  the  piston  in  the 
‘intake-compression’  phases. 


FIGURE  1:  Sketch  of  the  compression  machine 

The  intake  system  is  a  portion  of  a  flat  canal  fiength  :  Le  = 
150  mm);  the  ratio  width/height  is  equal  to  9.6  (fig  x  lg  =  10 
x  96  mm)  which  is  sufficient  to  ensure  the  bidimensionality 
of  the  flow  over  a  large  part  -  80%  -  of  the  intake  canal.  The 
intake  port  is  closed  by  a  "guillotine  device"  the  motion  of 
which  is  directly  controlled  by  the  machine  tool.  A  particular 
development  was  necessary  to  obtain  an  airtight  device. 
Insofar  as  the  Reynolds  number  based  on  the  hydraulic 
diameter  reaches  high  values  with  a  maximum  Remax>=  12000 
the  boundary  layers  are  turbulent  during  the  main  part  of  the 
inake  stroke.  During  the  admission  phase,  the  bidimensional 
intake  jet  flow,  tangential  to  the  cylinder  floor,  is  deflected 
by  the  moving  piston  and  generates  the  tumbling  vortex.  A 
four-stroke  cycle  has  been  defined.  The  channel  is  closed 
during  the  compression/expansion  strokes.  The  turbulence 
generated  before  piston  TDC  therefore  decays  during  the 
expansion  stroke.  The  guillotine  opens  for  the  exhaust  and 
admission  phase. 

ji/  PIV  and  LDV  configurations 

Velocity  measurements  are  performed  using  two 
complementary  optical  techniques  :  PIV  and  LDV.  The  intake 
air  is  seeded  with  silicone  oil  particles  (diameter  *=  5  pm) 
which  do  not  modify  the  fluid  properties  while  being  able  to 
track  accurately  the  fluid  motion  (low  Stokes  number).  For 
PIV  application  a  Yag  laser  beam  (X=532  nm.  At  =  10ns, 
double  impulsion  :  e=2xl00  mJ,  f=10Hz)  is  focused  into  a 
vertical  light  sheet  passing  through  the  compression 
chamber.  Mie  scattering  emissions  from  the  oil  droplets  are 
imaged  at  90°  onto  a  gated  ‘Charge  Coupled  Device'  camera 
(LHESA  510).  Piston  motion,  laser  firing  and  camera  timing 
are  synchronised  so  that  both  images  formed  at  each  laser 
shot  are  respectively  restored  in  the  odd  and  even  frames  of 
the  video  signal.  This  two  frames  are  digitised  by  a  frame 
grabber  board  (OFG,  768x512  pixels,  8  bits)  connected  to  a 
PC.  The  particle  displacement  is  obtained  by  2D 
intercorrelation  (this  solves  directional  ambiguity)  with 
post  processing  V2IP  software  (CORIA).  Each  image  frame  is 
interrogated  in  32x32  pixels  sub-images  at  intervals  of  16 
pixels  (i.e.  a  50%  overlap).  The  corresponding  width  of  the 


interrogation  cell  in  the  flow  varies  from  1.5  mm  to 
3,8  mm  depending  on  the  optical  magnification.  Sub  pixel 
accuracy  is  achieved  by  a  2D  Gaussian  curve  fit  of  the  cross¬ 
correlation  peak  (Lecordier  et  al  1994).  Problems  occur 
occasionally  in  bright  regions  very  near  black  painted  walls 
or  when  the  data  density  is  too  low.  Two  different  thresholds 
based  on  predetermined  SN  ratio  and  on  velocity  vector 
amplitude  are  applied.  No  interpolation  is  employed  to  maVp 
up  for  incomplete  data. 

LDV  system  comprises  an  Argon-ion  laser  (8  W,  Xl  =488 
nm,  X2  =  514,5  nm),  a  conventional  fibre  optical  unit  and  a 
bragg  cell  (40  Mhz).  The  receiving  optic  (backscattering 
configuration)  is  a  Dantec  unit  equipped  with  two 
photomultipliers  connected  to  Burst  Spectrum  Analysers 
(BSA).  Velocities  are  measured  during  the  intake/ 
compression  strokes.  A  correction  by  residence  time  of  the 
seeding  particles  is  systematically  used  to  reduce  the  velocity 
bias  present  in  velocity  measurements  (Petrie  et  al  1988). 
Ensemble  mean  and  rms  velocity  fluctuations  are  computed 
from  the  instantaneous  values  collected  over  crank  angle 
windows  (Aa  =  3.6°). 


3  -  TUMBLING  MOTION  OBTAINED  AT  THE  END 
OF  THE  ADMISSION  PHASE 

The  mean  tumble  velocity  at  BDC  displayed  in  figure  2  was 
obtained  by  averaging  50  instantaneous  velocity  fields.  A 
laser  sheet  LSI  in  the  symmetry  plane  of  the  chamber  was 
used.  A  very  clear  rotation  is  observed  and  the  Reynolds 
number  of  the  structure  is  Re  =  (H.Vmsa)f 2v~  12500.  As  an 

order  of  magnitude  estimation,  we  note  that  the  angular 
rotation  rate  of  a  solid  body  vortex  of  radius  R/H=0.4  having 
the  same  angular  momentum  is  roughly  flr  «=  100  rad/s.  The 
corresponding  tumble  vortex  ratio  ty-  =  /0.piston  is 
cr  “4.8.  PIV  velocity  fields  in  the  LS2  plane  have  shown 
that  the  mean  flow  is  bidimensional  (Marc  et  al.  1996). 
Moreover,  an  estimation  of  the  large  vortex  decay  time 
imposed  by  the  two  lateral  Eckman  layers  on  the  side  wall 
(Schlichting  1979)  shows  that  this  time  is  significantly 
large  compared  with  the  compression  time  scale. 


FIGURE  2:  Mean  tumble  velocity  at  BDC 
(Hatched  region  corresponds  to  the  region  where 
instantaneous  vortex  centres  were  detected) 

An  automatic  centre  extraction  procedure  was  developed  in 
order  to  localise  the  position  of  the  vortex  centre  on  mean  or 
instantaneous  PIV  velocity  fields  (Marc  et  al.  1997).  The 
location  of  the  mean  vortex  axis  is  xc/H  =  0.45  and 
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yc/H  —  Q-43.  The  hatched  region  in  figure  2  corresponds  to 
the  region  where  instantaneous  vortex  centres  were  detected. 
The  averaged  distance  between  instantaneous  and  mean 
vortex  axis  is  dc///  =  3.10-2.  These  cycle  to  cycle 
variations  are  classical  features  due  to  either  slight  boundary 
condition  variations  or  to  the  natural  precession  of  the 
confined  structure  (Van  Geffen  et  al  1996).  Profiles  of  the 
velocity  statistics  on  the  horizontal  line  passing  through 
the  mean  vortex  centre  are  plotted  in  figure  3.  U,  V  are 
respectively  the  velocity  in  the  X  and  Y  directions  sketched 
in  fig.  1.  With  50  samples  and  a  95%  confidence  level,  the 
absolute  error  on  V  is  0.3  m/s  and  the  relative  error  on 
second  order  moments  is  20%.  Moreover,  for  an  estimated 
turbulent  integral  length  scale  A  of  the  order  of  the  channel 
height  he,  the  PIV  intercorrelation  window  is  roughly  of  size 
(A/3)x(A/3).  Only  the  energetic  mode  is  therefore  obtained 
with  this  low  pass  filtering  mesh.  Direct  comparison  with 
LDV  data  (Marc  et  al  1997)  show  however  a  good  accuracy  of 
these  estimates. 

A  distinct  peak  of  rms  velocities  appears  on  the  mean 
vortex  axis  in  fig.  3.  This  peak  can  only  be  a  consequence  of 
the  cyclic  variations  of  vortex  position.  For  a  solid  body 
rotation  of  azimuthal  velocity  Ug  =  (Or,  exact  relations  can 
be  derived  between  the  statistics  of  the  vortex  axis  position 
and  the  local  velocity.  For  a  given  pdf  of  instantaneous  axis 

position,  one  obtains  «’  =  <acrv  and  v'  =  (o  oT  where  ar 

JC  *c  *c 

and  Cyc  are  respectively  the  standard  deviation  in  vortex 

centre  abscissa  xc  and  ordinate  yc.  An  equivalent  rotation 

rate  (De  can  be  therefore  derived  from  the  PIV  measurements 

of  the  rms  velocity  at  the  mean  vortex  axis  location  and  from 

the  measured  aX(.  =2.2  mm  and  aJf=1.9nim.  The 

corresponding  local  velocity  profile  is  drawn  in  dashed  line 
in  figure  3  and  is  seen  to  correspond  closely  to  the 
characteristics  of  the  core  of  the  mean  vortex.  This  point 
validates  several  different  aspects  of  our  PIV  results  and 
shows  that  a  moderate  cyclic  variation  produces  surprisingly 
high  levels  of  velocity  fluctuations. 

Away  from  the  mean  axis,  an  order  of  magnitude  of  the  rms 
velocity  is  u  *=0.7  ml s.  With  £2y  =  100  rad/s  and 
A*=he=l0mm,  one  obtains  for  the  Rossby  number  : 
Ro  =  (u'/nTA)<=0.7 .  Rotation  is  expected  to  have  a 

significant  influence  (Jacquin  et  al  1990;  Le  Roy  and  Le 
Penven  1997)  on  the  turbulent  velocity  field. 

4  -  EVOLUTION  OF  THE  TUMBLING  MOTION 
DURING  THE  COMPRESSION  PHASE 

During  the  compression  phase,  the  tumbling  motion  is 
known  to  experience  a  transition  from  an  organised  2D 
structure  to  a  fully  3D  flow  at  piston  Top  Dead  Centre  (TDC). 
However,  the  precise  "vortex  breakdown"  process  is  not 
fully  understood  yet  and  is  very  hard  to  analyse  from  LDV 
local  measurements  in  which  cyclic  variations  can  hide  the 
true  mechanisms.  As  an  example,  the  time  evolution  of 
ensemble  mean  and  rms  velocities  measured  at  the  geometric 
centre  of  the  clearance  volume  during  the  compression  stroke 
are  displayed  in  figure  4.  The  evolutions  are  very  similar  to 
those  presented  by  (Floch  et  al  1995;  Gosman  et  al  1985). 
Fluctuations  generated  by  the  intake  jet  first  undergo  a  slight 
decrease.  At  the  same  time,  the  reduction  of  the  cylinder 
volume  by  the  moving  piston  gives  rise  to  higher  tumble 
velocity.  Looking  at  this  graph  only,  the  breakdown  process 
of  the  tumble  would  be  said  to  occur  after  e=2  corresponding 
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FIGURE  3:  Profiles  of  the  velocity  statistics  on  the 
horizontal  line  passing  through  the  mean  vortex  centre. 

•,  V ;  A,  u' ;  O,  v' 


velocities  at  the  geometric  centre  of  the  clearance  volume 
during  the  compression  stroke.  •  V  ;  A,  U' ;  O.v 

to  270  °CA.  This  explains  the  rapid  decrease  of  the 
tangential  velocity  to  reach  a  zero  value  and  the  correlated 
significant  increase  of  the  turbulence  intensity  up  to  1.8 
m/s.  LDV  measurements  performed  systematically  in  the 
chamber  (Marc  et  al.  1997)  however  show  that  the  ensemble 
turbulence  is  significantly  inhomogeneous. 

PIV  velocity  fields  were  measured  during  compression  in  the 
same  plane  LSI  at  four  volumetric  ratio  e=2.5  ;  3.3  ;  4  and  5 
corresponding  respectively  to  a  chamber  height  of ’40mm  ; 
30mm  ;  25mm  and  20mm.  30  realisations  were  stored  in  each 
case.  Many  graphs  could  be  shown  here.  Mean  velocity 
fields  are  shown  in  figure  5a  and  6a,b,c.  The  shaded  regions 
correspond  to  vortex  regions  according  to  the  definition  of 
Jeong  and  Hussain  (1995).  The  symmetric  (S)  and 
antisymmetric  (£2)  part  of  the  velocity  gradient  tensor  are 
computed  from  the  mean  PIV  velocity  field  and  the  vortex 
core  corresponds  to  negative  second  largest  eigenvalue  of 

(2  2\  ° 
s  +£2  J.  Despite  the  convoluted  contours  due  to  the 

experimental  resolution,  we  see  that  this  definition 
effectively  captures  the  main  vortex  and  the  recirculating 
region.  6 

The  large  scale  vortex  is  clearly  seen  in  fig.  5a  at  e=2.5. 
The  streamlines  in  the  vortex  core  are  of  elliptical  nature  and 
the  2D  structure  is  expected  to  experience  a  natural  3D 
instability  (Lundgren  and  Mansour  1996;  Waleffe  1990)  if 
this  instability  has  sufficient  time  to  develop.  This  last 
point  is  under  question  in  the  present  case  as  the  vortex 
interaction  with  wall  can  induce  flow  separation  and  an 
abrupt  modification  of  the  flow  field.  Fig.  5a  shows  indeed  a 
large  separation  zone  along  the  piston  wall  in  the  adverse 
pressure  gradient  region  induced  by  the  vortex  and  a  similar 
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FIGURE  5:  a-  Mean  PIV  velocity  field  at  e=2.5 
b-  3D  plot  of  the  rms  longitudinal  velocity 
c-  3D  plot  of  the  in-cycle  rms  longitudinal  velocity 


phenomena  is  expected  to  appear  along  the  cylinder  head  at 
the  bottom  of  the  figure  where  no  measurement  were  m»Hp 

On  the  3D  plot  of  the  ensemble  longitudinal  rms  velocities 
(fig.  5b  ;  X=0  plane  corresponds  to  the  piston  head),  a  sharp 
peak  is  again  associated  with  the  mean  vortex  axis  and 
should  be  the  signature  of  a  significant  cyclic  variation  when 
confinement  increases.  A  higher  level  of  u'  is  also  associated 
with  the  recirculation  zone.  The  flow  separation  is  of  course 
cycle  dependant  and  this  region  of  higher  u'  can  be  the  result 
of  both  intense  turbulence  production  and  cyclic  variations 
of  vortex/ wall  interactions. 

The  separation  zone  spreads  over  the  entire  upper  part  of  the 
measurement  region  as  the  piston  progresses  (see  fig  6a- 
e=3.3)  and  the  remaining  mean  vortex  is  confined  in  the 
middle  of  the  chamber  at  e=4  (fig.6b).  Confinement  effects 
are  expected  to  increase  the  strength  of  the  vortex/wall 
interactions.  This  point  is  further  analysed  and  emphasised 
using  Direct  Numerical  Simulation  in  a  companion  DaDer 
(Borde  et  cd  1997). 


FIGURE  6:  Mean  PIV  velocity  field  at  e=3.3  (a) ;  e=4  (b) 
and  e=5  (c).  Shaded  regions  correspond  to  vortex  regions 

Assuming  that  a  spatial  separation  distinguishes  the 
instantaneous  bulk  flow  structure  and  the  largest  turbulent 
eddies,  in-cycle  fluctuations  can  be  defined  as  the  difference 
between  the  instantaneous  velocity  and  the  spatial  low  pass 
filtered  PIV  velocity  field.  A  3D  plot  of  the  in-cycle 
longitudinal  rms  velocities  is  shown  at  e=2.5  (fig.  5c).  A  top 
hat  filter  of  width  8.5  x  8.8  mm^  corresponding  to  7  x  7  PIV 
vectors  was  used  to  compute  in  cycle-turbulence.  The  width 
of  the  filter  is  chosen  to  be  larger  than  the  estimated  integral 
length  scale  (see  next  section).  With  30  realisations,  only 
qualitative  trends  can  of  course  be  discussed.  In  figure  5c,  in¬ 
cycle  rms  velocities  are  rather  uniform  all  over  the  chamber. 
The  same  contrast  between  ensemble  and  in-cycle  turbulence 
holds  for  larger  e  (Marc  et  cd.  1997).  Moreover,  the  level  of 
in-cycle  rms  velocities  is  of  the  order  of  the  rms  velocities 
measured  at  piston  TDC  in  next  section.  PIV  offers  the 
possibility  of  post-processing  techniques  closely  related 
with  the  development  of  Large  Eddy  Simulation  techniques  in 
turbulence  modelling.  The  usual  large  peak  in  ensemble  rms 
velocity  seems  to  be  mainly  associated  with  cycle  to  cycle 
variations. 

The  breaking  down  of  the  tumbling  vortex  shown  here  is  a 
gradual  process.  No  mean  or  instantaneous  tumbling  motion 
would  be  detected  at  e=5  (fig.  6c).  Moreover,  the  mean 


15-4 


secondary  flows  measured  by  PIV  are  weak  and  3D  effects  are 
therefore  expected  to  be  responsible  for  a  significant 
generation  of  3D  turbulence  during  the  separation  process 
(Borde  et  al.  1997). 


5  -  NATURE  OF  THE  TURBULENT  FIELD  AT  TDC 

The  laser  sheet  LS2  was  used  to  study  the  transverse 
structure  of  the  flow  in  the  symmetry  plane  of  the  clearance 
volume  at  TDC.  The  PIV  image  (width  x  height=35x24  mm2) 
is  a  zoom  of  the  middle  part  of  plane  LS2  and  the  width  of  the 
interrogation  cells  is  lower  than  1/6  of  the  integral  length 
scale  computed  below.  A  typical  instantaneous  velocity  map 
is  displayed  in  figure  7.  It  shows  that  the  flow  field  is  fully 
Uidimensional  and  turbulent.  No  particular  structured  motion 
is  detected  after  the  tumble  breakdown.  30  instantaneous 
velocity  fields  were  stored  and  a  computation  of  the  rms 
velocities  shows  that  the  turbulent  field  is  quasi 
homogeneous  and  isotropic  with  v'«*w'*=0.6  m/s.  Note  that 
this  corresponds  to  the  values  measured  for  u'  at  TDC  (Marc  et 
al.  1997). 

The  turbulent  integral  length  scales  at  TDC  are  particularly 
important  to  compute  when  simulating  an  engine  operating 
characteristics  in  order  to  predict  the  propagation  of  the 
flame.  The  use  of  Taylor  hypothesis  in  a  zero  mean  velocity 
turbulent  field  is  clearly  not  possible  and  PIV  technique 
offers  an  alternative  really  suited  for  this  computation  if  the 
cells  are  small  enough  with  respect  to  the  integral  length 
scale.  The  correlation  tensor  Ry is  defined  by  : 


Rij{pl'pl’t)  = 


For  an  homogeneous  turbulent  flow  field,  Ry{P\,Px,t)  does 
not  depend  on  the  location  of  points  /}  and  but  only  on 
the  separation  vector  r  =  Fj^\  In  plane  LS2,  the 
components  of  the  separation  vector  is  r  =  (0,^,^). 

3>0  at  TDC  is  thus  deduced  from  PIV  data  by 
averaging  first  on  the  different  flow  realisations  and  then  on 
the  different  spatial  locations  in  a  given  realisation.  The 
velocity  components  are  v  =  u2  and  w  =  u2  and  a  contour 

plot  of  Rz2{r2,ri,t)  is  displayed  in  figure  8.  All  averages  in 
figure  8  are  deduced  from  more  than  5000  samples. 
Longitudinal  and  lateral  correlation  functions  corresponding 
respectively  to  /(r,r)=/?22(r,0,/)  and  g(r,t)=  R22(Q,r,t) 
are  displayed  in  figure  9.  In  an  incompressible,  isotropic  and 
homogeneous  turbulent  velocity  field,  g(r,t)  can  be  deduced 
from  f(r,t)  (Howarth  and  Von  Karman  1938).  The  computed 
g  is  compared  with  the  measured  g  in  figure  9  and  the  fair 
agreement  shows  that  the  flow  behaviour  is  typical  of 
isotropic  and  homogeneous  turbulence.  Turbulent  length 
scales  are  then  computed  by  integrating  the  longitudinal 
correlation  curves.  After  integration,  one  finds  : 

122,2  (roc)  =  8.0  nun  and  /<33>3(7'DC)  =  8.4  mm 
With  R22,2{TDC)“  Lq2,3(TDC),  we  confirm  the  tendency 
to  isotropy  of  the  turbulent  field  at  TDC.  Moreover,  these 
length  scales  are  of  the  order  of  half  the  clearance  height. 


*• 

z 


FIGURE  7:  Typical  instantaneous  velocity  map  at  TDC 


FIGURE  8:  Contour  plot  of  atTDC 


FIGURE  9:  Longitudinal  and  lateral  correlation 

functions  at  TDC  _ ,f(r,t) ; . g(r,t) 

- ,  g(r,t)  computed  from  f(r,t)  in  THI 
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6  -  CONCLUSION 

A  model  experimental  set-up  dedicated  to  the  study  of  a 
compressed  tumbling  motion  has  been  presented  in  this 
paper.  Measurements  were  obtained  by  using  Laser  Doppler 
Velocimetry  and  Particle  Image  Velocimetry  in  a 
complementary  way.  At  BDC,  a  strong  bidimensional 
tumbling  motion  develops  in  the  entire  volume  of  the  square 
chamber  and  the  instantaneous  rotation  axis  of  the  tumbling 
motion  varies  from  cycle  to  cycle.  The  computed  rms 
distance  from  the  mean  axis  is  only  3%  of  the  chamber 
height  and  such  a  moderate  cyclic  variation  is  seen  to 
produce  surprisingly  high  levels  of  ensemble  velocity 
fluctuations.  Exact  relations  were  derived  between  the 
statistics  of  the  vortex  axis  position  and  the  local  velocity 
statistics.  Using  these  relations,  we  verified  quantitatively 
that  the  rms  velocities  at  the  mean  vortex  axis  location  are 
only  the  results  of  the  cyclic  variations  in  the  position  of 
the  large  vortex. 

PIV  gave  an  opportunity  to  educe  instantaneous  spatial  flow 
fields  during  the  compression  phase.  The  breakdown  of  the 
tumbling  vortex  was  proved  to  be  a  gradual  process  and  the 
vortex/wall  interaction  is  an  essential  mechanism.  Indeed, 
very  clear  separation  zones  initiate  in  the  adverse  pressure 
gradient  region  induced  by  the  vortex  along  the  chamber 
walls.  Tridimensional  effects  are  expected  to  be  responsible 
for  a  significant  generation  of  3D  turbulence  during  the 
separation  process  and  the  mean  secondary  flows  induced  in 
the  separation  zones  are  very  weak.  The  compression 
unsteadiness,  the  vortex  motion,  the  separation  process  and 
the  turbulence  were  shown  to  be  linked  in  an  intricate  way. 
Assuming  that  a  spatial  separation  distinguishes  the 
instantaneous  bulk  flow  structure  and  the  largest  turbulent 
eddies,  in-cycle  fluctuations  were  defined  as  the  difference 
between  the  instantaneous  velocity  and  the  spatial  low  pass 
filtered  PIV  velocity  field.  Contrary  to  ensemble  rms 
velocities,  in-cycle  rms  velocities  were  shown  to  be  rather 
uniform  all  other  the  chamber  with  no  peaks  associated  with 
tumble  vortex  or  separation.  The  usual  large  peak  in 
ensemble  rms  velocity  therefore  seems  to  be  mainly 
associated  with  cycle  to  cycle  variations. 

A  PIV  zoom  at  TDC  in  the  symmetry  plane  of  the  clearance 
volume  parallel  to  the  cylinder  head  was  analysed  to  show 
that  the  3D  turbulent  field  is  quasi  homogeneous  and 
isotropic.  The  turbulent  integral  length  scales  were  computed 
and  are  of  the  order  of  half  the  clearance  height. 

While  providing  a  good  understanding  of  the  evolution  of 
the  tumbling  motion  during  compression,  these  results  also 
show  the  complexity  of  turbulence  modelling  in  such 
situations.  The  models  should  be  very  accurate  to  predict 
vortex/wall  interactions  and  tridimensional  effects. 
Moreover,  when  comparing  the  predictions  of  the  models 
with  experiments,  one  might  not  focus  on  intermediate 
stages  where  cyclic  variations  are  prominent  but  on  the  final 
turbulent  field  obtained  after  the  tumble  "breakdown". 
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INTRODUCTION 

In  recent  years,  much  effort  has  been  devoted  by  car 
manufacturers  to  control  the  turbulent  flow  in  internal  en¬ 
gines  in  order  to  improve  mixing  and  combustion.  One 
promising  way  is  to  generate  during  the  intake  process 
a  large-scale  vortical  motion  whose  axis  is  perpendicular 
to  piston  velocity  (tumbling  flow).  In  this  case,  it  is  ob¬ 
served  that  the  mean  vortex  breaks  up  at  some  stage  of 
the  compression  and  produces  a  high  level  of  turbulence. 
This  phenomenon  improves  the  mixing  and  the  burning 
rate  significantly.  There  is  not  yet  a  clear  explanation  for 
the  vortex  breakdown.  Moreover,  we  do  not  know  much 
about  the  ability  of  standard  turbulence  models  to  predict 
the  observed  evolution. 

The  purpose  of  this  communication  is 

•  to  present  numerical  simulations  of  a  turbulent  tum¬ 
bling  flow  using  the  Reynolds-averaged  flow  equations 
and  different  classes  of  turbulence  models  (k-e  mod¬ 
els,  u,Uj- e  models). 

•  to  interpret  the  evolution  of  the  mean  flow  during 
compression  by  comparison  to  laminar  computations 
of  a  simplified  vortex  (Taylor-Green  vortex)  with  dif¬ 
ferent  boundary  conditions  (no-slip,  no  shear). 

a(t) 


Figure  1:  Geometry  of  the  IMFT  experiment 

The  geometry  considered  for  numerical  simulations  cor¬ 
responds  to  the  experiment  of  Marc  et  al.  (1997)  (here¬ 
after:  IMFT  experiment)  also  presented  in  this  TSF 


(Fig.l).  The  flow  develops  in  a  chamber  equipped  with 
a  square  piston  moving  alternatively  with  the  velocity 
Vp  =  Vpmax  sin(ut), 

V Pmax  =  0.9m  s-1,  u>  =  220  rev/min 

At  top  dead  center  (wt  =  0°),  the  intake  canal  flow  is  ac¬ 
celerated  by  the  piston  motion  and  creates  a  tumbling  flow 
in  the  chamber.  At  bottom  dead  center  (art  =  180°)  the 
chamber  is  a  cube  of  edge  b  =  1  cm,  the  intake  canal  is 
closed  and  the  compression  starts.  The  compression  ratio 
is  a/b  =  5. 


NUMERICAL  SIMULATIONS  WITH 
TURBULENCE  MODELS 


Numerics 

The  Reynolds-averaged  equations  have  been  solved  nu¬ 
merically  assuming  that  the  flow  be  two-dimensionnal  in 
the  plane  x,y.  We  have  used  an  elliptic  solver  of  the 
Navier-Stokes  equations  employing  a  finite  element  dis¬ 
cretisation  on  a  movig  grid,  a  semi-implicit  time-stepping 
ensuring  linearisation  of  the  differential  operators  and  a 
convection  scheme  based  on  the  streamline  upwind  finite 
element  technique  (Mao,  Buffat,  Jeandel  1994).  Walls  are 
assumed  athermal,  and  temperature  and  density  uniform 
throughout  the  flow.  Typically,  the  mesh  has  25000  nodes. 
Turbulence  models  are  standard  ones:  k-e  model  and  uTuJ- 
e  model  (RSM).  For  near  wall  layers,  these  models  are  used 
in  conjunction  with  wall  functions  and  an  algebraic  model 
to  evaluate  the  components  of  the  Reynolds  tensor  (Debatv 
1994). 


Turbulence  modelling 

The  standard  k-e  adopted  is  written  as  : 


Dk 

Dt 

De 

Dt 


d  u  ,  vt  dk  _ dU, 

dx3  <7k  dx3  3  dxj 


e _ dUi 

Ccl-UiUj- 


d  r  /  Vt ,  de 

trjdx/  k—Jdx3 
r2 

-Ct2-r-  +  CtzSue 
k 


(1) 

(2) 
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The  Reynolds  tensor  is  related  to  the  mean  strain  Sij  by 
the  means  of  an  eddy  viscosity  coefficient  vt  =  c^k2  je 


-UiU  j  + 


=  vt(Si:-Su6f) 


(3) 


D./Dt  stands  for  the  material  derivative  following  the 
mean  velocity  field.  We  used  standard  values  for  the  con¬ 
stants  :  > 

CM  =  0.09  ,  Cel  =  1-44  ,  Ce2  =  1-92  ,  (Tk  =  1.0 
£Te  =  1.3  ,  Ce3  =  -  J  +  §C£1 

In  UiUj-e  model  the  Reynolds  tensor  equation  is  written 
as 

E^  =  PiJ  +  <s>tj+dtJ-  lt6ij  (4) 

The  production  term  Pii  is  treated  exactly  : 


D  _ au >  _ aUi 

P,;  =  -UiUk- - UjUk  Q - 

OXk  OXk 


(5) 


The  turbulent  transport  dij  is  modelled  using  a  turbulent 
diffusion  hypothesis  : 


dij 


d  .  vt  duiUj  . 

dxk  0k  dxk 


(6) 


The  pressure  strain  correlation  is  split  into  three  contribu¬ 
tions: 


+  *Tj  (7) 

The  so-called  slow  and  rapid  parts  $,1,  and  are  mod¬ 
elled  following  Launder  et  al.  (1975).  is  a  correction 
depending  on  the  distance  to  the  solid  boundaries  (’’wall 
echo”  term).  The  main  effect  of  this  term  is  to  transfer 
some  part  of  the  normal  fluctuation  to  the  direction  par¬ 
allel  to  the  wall.  For  the  present  purpose,  this  term  is 
expected  to  be  of  some  importance  especially  at  top  dead 
center.  We  used  for  the  proposed  of  Craft  and  Launder 
(1991)  instead  of  the  more  popular  Gibson-Launder  model 
(1978),  since  it  has  been  proved  to  give  the  correct  sign  of 
transfer  in  the  case  of  mean  strain  normal  to  the  wall  (wall 
impinging  jets,  piston-induced  compression).  Finally,  it 
must  be  noted  that  the  additional  term  (ce3S((f)  has  been 
included  in  e  equation  to  account  for  compression  effect 
(Reynolds  1980). 


Results 


Intake  flow.  At  the  end  of  the  intake,  both  mod¬ 
els  predict  a  well-defined  vortex  dominating  the  entire  flow 
field  (see  the  streamlines  in  Fig. 2(a), (d)).  A  slight  differ¬ 
ence  is  observed  on  the  mean  angular  momentum  which  is 
30%  higher  for  the  k-e  model.  As  shown  in  figure  2(b), (e) 
the  mean  vorticity  distribution  predicted  by  the  u,u:-e 
model  results  from  the  roll-up  of  the  mixing  layer  produced 
in  the  upper  edge  of  the  intake  jet.  The  spiral  shape  is  not 
discernible  in  the  k-e  model  predictions  and  the  vortex  core 
motion  looks  like  a  solid  body  rotation. 

Fig. 3  shows  the  evolutions  of  the  averaged  value  of  k 
calculated  over  the  entire  chamber.  During  the  first  half  of 
the  intake,  both  models  predict  an  increase  in  k  caused  by 
the  acceleration  of  the  piston,  afterwards  k  decreases.  A 
striking  feature  is  that  kinetic  energy  is  significantly  higher 
in  the  case  of  k-e  model.  The  most  important  difference 
is  observed  at  the  end  of  intake.  At  this  time,  the  ratio  of 
the  two  predicted  levels  is  about  4.  Kinetic  energy  levels 
at  the  end  of  the  intake  are  shown  in  Fig. 2(c), (f).  Both 
models  behave  similarly.  The  maxima  of  k  are  associated 
to  an  increase  in  the  fluctuation  normal  to  the  wall  in  the 
jet  impact  zones.  A  minimum  is  observed  in  the  vortex 


core.  This  minimum  is  more  pronounced  in  the  case  of 
RSM  model. 

The  differences  observed  in  the  middle  of  the  chamber 
can  be  explained  in  part  by  the  effects  of  the  mean  ro¬ 
tation.  To  a  large  extent,  the  kinetic  energy  in  the  core 
of  the  vortex  results  from  production  effect  by  the  mean 
shear  in  the  upper  edge  of  the  intake  jet.  In  this  mixing 
layer,  the  streamlines  curvature  has  a  stabilizing  effect  on 
turbulence  and  leads  to  a  decrease  in  turbulent  production. 
Indeed,  these  effects  appear  in  the  Reynolds  stress  equa¬ 
tion  through  the  production  term  and  the  pressure-strain 
correlations.  In  contrast,  because  of  the  use  of  eddy  vis¬ 
cosity  hypothesis,  the  k-e  model  gives  a  production  term 
insensitive  to  the  mean  rotation  (for  exemple  ;  Speziale  et 
al  1990). 

Compression.  During  compression,  both  models  pre¬ 
dict  an  acceleration  of  the  vortex  due  to  the  reduction  of 
the  chamber  volume  associated  to  an  increase  of  kinetic  en¬ 
ergy.  Between  300°  and  330°,  the  uiuj-e  model  predicts  a 
separation  of  the  wall  layers  in  the  upper  right  corner  and 
in  the  lower  left  corner  which  are  adverse  pressure  gradi¬ 
ent  regions  then  the  generation  of  two  vortical  structures 
above  and  below  the  initial  vortex.  These  vortices  are  very 
intense  and  have  an  opposite  rotation  sign  relative  to  the 
original  vortex  (fig. 6(b)).  They  spread  in  the  chamber  un¬ 
til  the  end  of  compression  and  simultaneously  the  initial 
vortex  becomes  smaller  and  is  confined  in  the  middle  of 
the  chamber  whith  a  quasi  circular  shape.  The  genera¬ 
tion  of  the  two  intense  vortices  involves  important  velocity 
gradients  and  leads  to  an  increase  of  k  level  (Fig. 3). 

With  the  k-e  model  no  separation  occurs.  We  obtain  at 
the  same  time  a  strong  decrease  in  the  tumble  intensity 
involving  the  dissociation  of  the  initial  vortex  in  a  pair  of 
slow  eddies  with  the  same  rotation  sign  (fig. 6(a))  at  the 
edges  of  the  chamber.  This  collapse  is  associated  to  a 
strong  decrease  in  the  kinetic  energy.  The  prediction  of 
RSM  without  wall  echo  term  is  also  plotted  on  Fig. 3.  The 
main  effect  of  this  term  is  observed  in  late  compression. 
At  this  time,  its  role  is  to  transfer  in  the  y  direction  some 
part  of  the  normal  stress  aligned  with  the  direction  of  the 
compression  and  thereby  to  reduce  the  overall  turbulent 
production. 

Comparison  with  the  IMFT  experiment. 

The  experimental  data  obtained  by  Marc  et  al.  (1997) 
are  now  compared  to  the  models  predictions.  The  absence 
of  appreciable  mean  velocity  (Marc  et  al.  1997)  in  the 
spanwise  direction  during  the  intake  gives  support  to  the 
hypothesis  of  2D  calculations.  The  profiles  of  U,  V,  u2 
and  v2  are  taken  at  the  middle  of  the  chamber  along  the 
x  and  y  axes  at  the  end  of  intake  (Figure  5).  Concerning 
the  mean  velocity,  the  nearly  linear  profiles  predicted  by 
the  k-e  model  overestimate  the  data  especially  near  the 
walls  and  a  better  agreement  is  obtained  from  the  RSM 
model.  Clearly  both  models  fail  to  predict  the  maximum 
of  u2  measured  in  the  center  of  the  chamber.  Similar  peaks 
have  been  detected  in  the  IMFT  experiment  on  x  profiles 
(not  shown  here).  Discarding  this  local  anomaly  that  will 
be  discussed  at  the  end  of  the  paper,  the  overall  tendancy 
is  that  the  k-e  model  overestimates  the  turbulence  levels 
especially  near  the  walls  and  that  the  RSM  predictions  are 
closer  to  the  experimental  data. 

Concerning  the  compression,  only  partial  comparison  has 
been  obtained  at  this  time.  The  development  of  secondary 
vortices  is  also  evident  from  the  PIV  mesurement.  How¬ 
ever  the  main  flow  structure  disappears  gradually  as  the 
compression  proceeds  in  contrast  with  the  reinforcement  of 
the  three-eddy  pattern  shown  by  the  computations.  Marc 
et  al.  (1997)  suggest  the  occurence  of  strong  large-scale 
and  cycle  dependant  motions.  This  question  will  be  also 
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discussed  in  the  next  section. 


NUMERICAL  SIMULATION  IN  LAMINAR 
REGIME 

Both  turbulence  models  lead  to  similar  mean  velocity 
fields  at  the  end  of  intake.  However,  predictions  for  the 
compression  differ  markedly.  The  first  objective  of  this 
section  is  to  illustrate  by  some  direct  numerical  simula¬ 
tions  that  the  differences  obtained  in  the  averaged  levels  of 
eddy  viscosity  at  the  end  of  intake  (  4  times  higher  in  the 
case  of  k-e  model)  are  mainly  responsible  for  these  differ¬ 
ences.  Then,  in  the  particular  case  of  no-shear  boundary 
conditions,  we  shall  show  that  the  compressed  flow  may 
exhibit  strong  three-dimensionality.  Finally,  we  shall  pro¬ 
pose  an  explanation  for  the  anomalous  peaks  of  fluctuation 
detected  at  the  end  of  intake. 

As  initial  conditions  when  the  compression  starts,  we 
take  a  2D  velocity  field  v  =  V  xipz  with  the  streamfunction 


rj)  = 


b2na 

2tt2 


.  7TX  .  vy 
sm  —  sm  — 
b  b 


(8) 


corresponding  to  one  cell  of  the  plane  Taylor  vortex  flow. 
This  particular  field  satisfies  a  zero-shear  boundary  con¬ 
dition  rather  than  the  no-slip  one.  However,  as  shown  on 
Fig.(4),  the  deduced  vorticity  which  is  in  the  present  case 
constant  along  streamlines  is,  except  in  the  thin  wall  layers, 
a  fairly  good  approximation  of  the  vorticity  fields  deduced 
from  the  models.  For  these  computations,  the  molecular 
viscosity  is  taken  as  a  constant  equal  to  the  averaged  value 
of  the  eddy  viscosity.  The  Reynolds  numbers  Re  = 
based  on  the  maximum  value  of  the  initial  vorticity  fi^is 
thus  1570  and  7340  corresponding  respectively  to  k-e  and 
RSM  models. 


2D  simulations  with  no-slip  conditions 

A  first  set  of  evolutions  has  been  obtained  imposing  zero 
velocity  on  boundaries  at  initial  time.  In  that  case,  viscous 
layers  develop  rapidly  during  the  first  steps  of  the  computa¬ 
tion.  For  the  higher  value  of  Re,  separation  occurs  during 
compression  and  a  final  state  consisting  of  three  counterro¬ 
tating  eddies  similar  to  the  pattern  observed  in  the  case  of 
UiUj-e  model  (fig. 6(f)).  For  the  lower  value  of  Re,  no  clear 
separation  is  observed  (fig. 6(e)).  The  evolution  is  also  sim¬ 
ilar  to  that  obtained  with  the  k—e  model.  The  mean  flow 
decay  is  however  stronger  in  the  present  case.  This  may  be 
explained  by  the  fact  that  vt  decreases  at  the  end  of  the 
compression  whereas  the  molecular  viscosity  is  assumed  to 
be  constant  in  the  present  case. 


3D  simulations  with  no  shear  conditions 
When  the  fluid  is  allowed  to  slip  along  the  solid  bound¬ 
aries,  one  can  find  a  solution  giving  the  evolution  of  initial 
Taylor  vortex  during  the  compression.  This  solution  reads 


_  ,  1  da 

v  =  V  x  ipz - — x 

a  at 

with 

=  A(t)  sin  sin 

dytj  t) 


(9) 


(10) 


When  a  is  a  constant,  this  solution  reduces  to  the  flow 
studied  by  Mansour  and  Lundgren  (1986).  In  that  case, 
the  solution  is  linearly  stable  under  2D  disturbances  and 


Mansour  and  Lundgren  have  proved  the  instability  with 
respect  to  3D  perturbations  when  the  Reynolds  number  is 
large  enough.  To  some  extent,  this  instability  is  similar  to 
the  three-dimensional  instability  of  unbounded  flow  with 
elliptical  streamlines  (Bayly  (1986),  Waleffe  (1990)). 

For  the  compressed  Taylor  vortex,  a  similar  evolution 
may  be  expected.  We  have  tested  numerically  the  stability 
of  this  solution  by  introducing  a  small  perturbation  (1% 
of  the  main  flow)  consisting  in  a  Taylor  vortex  similar  to 
(Equ.8)  with  vorticity  directed  toward  negative  values  of 
x.  A  pseudo-spectral  is  used  for  this  purpose  and  reflec- 
tional  symmetries  are  assumed  to  ensure  zero  normal  ve¬ 
locity  conditions  at  the  boundaries.  Fig. 7  shows  surfaces 
of  constant  magnitude  (one  half  of  the  maximum  value) 
at  four  times  during  compression.  At  the  initial  time,  the 
surface  is  aligned  along  z  axis  and  the  perturbation  is  not 
discernible.  For  the  lower  value  of  the  Reynolds  number, 
the  perturbation  is  attenuated  and  the  vorticity  surface 
remains  virtually  identical  to  the  case  of  unperturbed  so¬ 
lution.  For  the  higher  value,  the  perturbation  is  strongly 
amplified.  The  initial  sinusoidal  shape  of  the  perturba¬ 
tion  steepens  gradually.  At  the  same  time,  the  vorticity 
surface  shrinks  indicating  some  local  amplification  of  the 
maximum  vorticity.  At  the  end  of  compression,  this  sur¬ 
face  tilts  suddenly  towards  negative  z.  Thus,  one  may  con¬ 
clude  that  the  low  value  of  the  eddy  viscosity  given  by 
RSM  can  give  rise  to  substantial  three-dimensional  mo¬ 
tion  during  the  compression.  Indeed,  a  more  detailled  is 
needed,  in  particular  to  prove  the  stability  of  the  mean  at 
the  Reynolds  number  predicted  by  the  k-e  model. 

Precession  of  the  vortex  core 
As  noted  above,  turbulence  models  cannot  capture  the 
local  maxima  of  fluctuation  in  the  center  of  the  chamber. 
Marc  et  al.  suggest  that  these  peaks  result  from  cyclic 
variations  of  the  vortex  center.  We  can  refer  to  the  dy¬ 
namics  of  the  Taylor  vortex  to  test  this  hypothesis.  For  a 
square  geometry  (a  =  b),  2D  linear  eigenmodes  of  the  non 
viscous  Taylor  vortex  are  oscillatory.  The  lowest  frequency 
mode  (0.16  Do1)  corresponds  to  a  precession  motion  of  the 
vortex  center.  Reasonably,  this  first  eigenmode  may  be  ap¬ 
proximated  by  a  combination  in  quadrature  of  the  first  two 
harmonics  of  the  basic  streamfunction  (Equ.8).  Averaging 
over  the  phase  of  this  oscillating  motion  and  assuming  that 
the  perturbation  is  small,  the  mean  squared  value  of  the 
fluctuation  can  be  expressed  as  a  function  of  the  radius  At 
of  the  trajectory  of  the  vortex  center.  We  have  for  the  x 
component 


This  identity,  and  the  similar  one  for  v2,  are  plotted  in 
Fig.5(b)  with  the  value  Ar  =  0.002  m  obtained  from  PIV 
measurements.  Since  the  length  scale  of  the  vortex  center 
motion  is  large  compared  to  the  integral  length  scale  of  the 
background  turbulence  ((u2)3/2/e  ~  0.01m),  one  may  con¬ 
sider  that  the  corresponding  contributions  to  the  velocity 
are  almost  uncorrelated.  Thus,  it  is  tempting  to  filter  the 
precession  velocity  by  removing  the  mean-squared  contri¬ 
bution  from  the  total  stress.  Doing  this,  we  cannot  erase 
the  central  peak  completely.  One  may  consider  however 
that  the  width  and  the  maximum  of  the  precession  profile 
agree  reasonably  with  the  experimental  data. 

CONCLUSION 

A  numerical  study  of  a  turbulent  vortex  flow  corre¬ 
sponding  to  Marc  et  al.  (1997)  experiment  is  presented. 
First,  2D  computations  of  the  Reynolds-averaged  equa¬ 
tions  with  k—e  and  UiUj—e  models  have  been  performed. 
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During  the  intake,  both  models  predict  a  well  organized 
vortex  with  comparable  angular  momentum.  During  the 
compression,  the  evolutions  of  the  mean  flow  are  however 
dissimilar.  Strong  secondary  vortices  are  predicted  by  the 
muj-e  model,  whereas,  in  the  case  of  k-e  model,  we  observe 
a  rapid  decay  of  the  mean  velocity  in  the  late  compression 
without  significant  secondary  flow.  This  may  be  explained 
by  the  large  difference  between  the  eddy  viscosity  levels  at 
the  end  of  intake  (5  times  higher  in  the  case  of  k-e  model), 
which  in  turn  results  from  the  well-known  inadequacy  of 
k-e  models  in  swirling  flows.  This  fact  has  been  checked 
by  direct  numerical  simulations  with  a  constant  viscosity 
equivalent  the  eddy  viscosity  of  the  models. 

The  experiment  of  Marc  et  al.  shows  that  the  main  flow 
remains  essentially  two-dimensional  during  the  intake.  At 
the  beginning  of  compression,  kinetic  energy  levels  lie  be¬ 
tween  k-e  and  uiuj-e  predictions,  with  a  better  agreement 
however  for  the  latter.  The  anomalous  peaks  of  rms  veloc¬ 
ity  detected  in  the  center  of  the  chamber  are  interpreted 
here  in  terms  of  precession  of  the  vortex  core.  Some  differ¬ 
ence  is  observed  with  the  uiuj-e  predictions  in  the  second 
part  of  compression.  The  existence  of  three-dimensional 
and  large-scale  flow  is  suspected.  Such  an  evolution  that 
could  be  sensitive  to  perturbations  in  the  initial  state  and 
thus  cycle-dependant  would  have  a  smoothing  effect  on  the 
average.  Thus,  an  important  question  is  to  know  if  RSM 
computations  or  direct  simulations  with  an  equivalent  vis¬ 
cosity  could  generate  substantial  three-dimensional  flow. 
This  3D  evolution  could  be  generated  by  elliptical-type 
instability  as  illustrated  by  our  direct  simulations  of  the 
compressed  Taylor  vortex.  In  these  simulations,  no-shear 


boundary  conditions  are  used.  With  no-slip  conditions,  the 
stability  of  the  flow  may  be  rather  different  and  further 
investigation  is  needed  to  verify  this  hypothesis. 
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Figure  2:  180°.  Streamlines  :  k-e  (a)  ;  RSM  (d).  Normalized  vorticity  f2  a/Vpmax  '■  k-e  (b)  ;  RSM  (e).  Normalized  kinetic 
energy  k/Vp 2mQI  :  k-e  (c)  ;  RSM  (f) 
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(c) 


(d) 


Figure  7:  Surfaces  of  magnitude  of  vorticity  (half  of  maximum  value)  (a)  b/a= 1,  (b)  b/a= 3,  (c)  b/a= 4,  (d)  b/a=5  . 
Ratios  between  maximum  vorticity  and  maximum  vorticity  without  perturbation  are  respectively  :  1,  1.38,  2.28,  1.39. 
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ABSTRACT:  An  analysis  of  vortex/wall  interactions  for 
a  compressed  tumbling  vortex  is  proposed  here.  This 
situation  is  typical  of  in-cylinder  flows  developing  in 
combustion  chambers  of  premixed  spark  ignition  engines. 
In  an  inviscid  fluid,  we  discuss  analytically  the  motion  of  a 
point  vortex  of  constant  intensity  submitted  to  a 
compression  in  a  time  dependant  rectangular  domain.  A 
relevant  non  dimensional  number  comparing  the  velocity 
induced  respectively  by  the  vortex  and  by  the  piston 
displacement  is  obtained.  We  show  that  the  compression 
unsteadiness  is  expected  to  delay  the  viscous  response 
of  the  near  wall  flow.  This  viscous  response  is  studied  by 
DNS  for  an  initial  Lamb-Oseen  vortex  of  moderate 
Reynolds  number  placed  in  a  rectangular  box  of  given 
aspect  ratio.  Strong  separation  events  initiate  in  small 
aspect  ratio  domains.  Finally,  the  effect  of  a  slight  initial 
3D  deformation  of  the  vortex  axis  is  discussed.  The 
complex  interaction  with  walls  of  the  initial  structure  is 
responsible  for  the  further  generation  of  3D  vorticity  at  the 
wall,  leads  to  a  severe  distortion  of  the  main  vortex  itself 
and  is  expected  to  be  responsible  for  a  complete 
destabilisation  of  the  flow. 


1  -  INTRODUCTION 

A  production  of  small  turbulent  scales  from  a  basic 
organised  flow  is  a  typical  feature  of  compressed  tumbling 
motion  in  combustion  chambers  of  premixed  spark  ignition 
engines  (Arcoumanis  et  al  1990;  Hill  and  Zhang  1994).  The 
tumbling  motion  is  a  rotating  flow  which  axis  is 
perpendicular  to  the  cylinder  axis  and  is  generated  during  the 
admission  phase.  A  complex  "vortex  breakdown"  occurs 
during  the  compression  phase  and  results  in  the  generation 
of  a  significant  turbulence  level.  This  feature  is  used  to 
obtain  a  shorter  combustion  period,  to  widen  air/fuel  ratio 
limits  in  engines  and  is  highly  linked  with  present 
environmental  preoccupations. 

In  such  a  situation,  the  so  called  "vortex  breakdown" 
process  is  highly  complex  and  is  not  yet  fully  understood. 
During  the  compression  phase,  the  sharp  density  increase  is 
expected  to  intensify  the  vorticity  of  the  structure. 


Moreover,  streamlines  of  the  confined  basic  flow  become 
clearly  more  and  more  elliptical  as  the  piston  progresses. 
Finally,  we  can  expect  vortex  interaction  with  walls  to 
induce  abrupt  changes  in  the  flow.  The  work  presented  here  is 
closely  related  to  an  experimental  study  on  its  way  at  1MFT 
where  a  square  piston  compression  machine  is  used  to  study 
the  behaviour  of  a  2D  tumble.  Velocity  fields  obtained  by 
Particle  Image  Velocimetry  (Marc  et  al  1997a;  Marc  et  al 
1997b)  show  a  clear  separation  of  the  boundary  layer  in  the 
adverse  pressure  gradient  region  induced  by  the  vortex. 

Many  fundamental  studies  have  addressed  the  problem  of 
three  dimensional  instability  of  two  dimensional  large 
vortices  in  unbounded  domains  (Waleffe  1990)  or  in  bounded 
geometries  (Lundgren  and  Mansour  1996).  This  instability  is 
due  to  the  elliptical  nature  of  the  two  dimensional  vortex 
streamlines  and  a  typical  effect  is  the  production  of  small 
scales  directly  from  a  smooth  basic  state  which  may  be  a 
typical  feature  of  turbulent  shear  flows.  However,  bounded 
domains  of  Lundgren  and  Mansour  (1996)  have  free  slip 
boundaries.  To  describe  the  tumble  evolution,  one  has  to  take 
into  account  a  no  slip  condition  at  the  wall  and  the 
generation  of  opposite  vorticity.  The  works  of  Orlandi 
(1990)  ;  Van  Geffen  et  al  (1996)  ;  Corjon  and  Poinsot  (1996) 
provide  a  good  illustration  of  the  importance  of  vortex 
interactions  with  walls. 

A  first  analysis  of  these  complex  vortex/wall  interactions 
for  a  compressed  tumbling  vortex  is  proposed  in  the  present 
paper.  To  focus  on  the  vortex  evolution,  a  two-dimensional 
or  quasi  two-dimensional  vortex  in  a  rectangular  domain  of 
varying  aspect  ratio  will  be  considered.  An  analytical 
solution  will  be  analysed  in  part  2  for  the  motion  of  a  point 
vortex  of  constant  intensity  submitted  to  compression  in  an 
inviscid  fluid  in  a  time  dependant  rectangular  domain.  The 
influence  of  compression  on  pressure  gradients  due  to  the 
vortex  along  the  walls  will  be  discussed.  Two-dimensional 
(2D)  Direct  Numerical  Simulation  (DNS)  results  in  a  viscous 
fluid  will  then  be  presented  to  illustrate  the  viscous  response 
of  the  near  wall  flow  induced  by  a  vortex  in  rectangular 
domains  of  different  fixed  aspect  ratio.  Finally,  three- 
dimensional  (3D)  DNS  will  show  that  unsteady  wall/vortex 
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interactions  can  lead  to  a  breakdown  of  the  large  structure  for 
an  initial  slight  3D  deformation  of  the  vortex  core. 


2  -  ANALYTICAL  SOLUTION  FOR  THE 
COMPRESSED  POINT  VORTEX 

The  situation  considered  in  this  part  is  sketched  in  Figure  1. 
The  point  vortex  of  intensity  T  moves  in  an  inviscid  fluid. 
The  domain  is  rectangular  and  its  aspect  ratio  b(t)/ a  varies 
during  the  compression.  In  the  computations  presented 
below,  the  movement  of  the  "piston"  is  sinusoidal  from 
b(t  =  0)/ a  =  l  to  b{tf)la  =  0.2.  In  the  low  Mach  number 
approximation,  the  flow  divergence  is  uniform  in  the  domain 
with,  as  the  total  mass  of  gas  is  constant  : 

V.  V  =  — =  A  where  b=  — 
p  dt  b  dt 

Following  (Batchelor  1967),  the  velocity  field  V  of  the 
compressed  flow  is  the  sum  of  two  contributions  V  =  V0  +  Vj 
.  Vq  is  the  solenoidal  and  irrotational  flow  induced  by  the 


point  vortex  in  the  bounded  domain  at  time  t  and  Vj  is  the 
velocity  field  induced  by  the  dilatation  rate  at  time  t 
satisfying:  V.  Vx  =  b  /  b  and  V  x  V|  =  0. 

The  stream  function  y/Q  °f  the  velocity  field  V0  is  an 
infinite  sum  of  elementary  stream  functions  corresponding  to 
the  point  vortex  itself  and  its  images.  It  can  be  conveniently 
expressed  in  term  of  elliptical  functions  (Choi  and  Humphrey 
1984).  The  computation  of  V]  is  straightforward.  In  non 


dimensional  form,  we  use  respectively  b,  T/b  and  b2/r  as 
length,  velocity  and  time  scales.  The  length  scale  b  is 
chosen  here  as  a  measure  of  the  distance  between  the  vortex 
and  the  nearest  wall  which  changes  during  the  compression. 
V/b  is  an  order  of  magnitude  of  the  velocity  induced  by  the 


vortex  on  the  upper  and  lower  near  walls  while  b2/r 
represents  a  typical  turnover  time  scale. 

The  two  non  dimensional  velocity  components  (U*,V*) 
writes  for  (x,y)  ^  (xv,yv): 


U*(x*,y*,t*)=  Uo(x*,y*,x*,y*,i(t)/a) 
v*(x*.y*.t*)=  Vj(x*,y*,x*,y*,6(t)/a)  + 


(xv,yv)  *s  the  instantaneous  location  of  the  point  vortex. 
The  displacement  of  the  point  vortex  is  induced  by  all  its 
images  and  by  the  dilatation  component  with  : 


U*(t*)=  U*o(x*,y*,6(t)/a) 
v*('*)=  V*0(x*,y*,i>(OAz)  + 


The  solution  is  particularly  simple  when  the  point  vortex  is 
initially  at  the  centre  of  the  domain.  The  dilatation 
component  just  maintain  it  at  the  centre  of  the  time  varying 
domain  at  all  times  with  Uyo=V*0=0  and 

(xv,yv)  =  (0.5a,  0.5  b(t)).  In  other  situations,  Nc  =  |(>6/r| 

is  a  measure  of  the  competition  between  the  velocity  b 
induced  by  the  piston  displacement  and  the  velocity  f/b 
induced  by  the  vortex  at  time  t  .  Examples  of  point  vortex 
displacement  in  the  inviscid  fluid  for  two  different  values  of 
Ncmax  are  shown  in  figures  2. 


FIGURE  1:  Compression  of  a  point  vortex  in  a 
rectangular  domain 


i  £ - 1 - 1 - 1 _ i _ i 
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2b 

FIGURE  2:  Point  vortex  displacement  for  two  different 
values  of  Ncmax  (2a  :  0.1  ;  2b  :  0.5.)  Initial  position 
(xv  ,yv  )=(0.6,0.6).  Only  the  initial  and  final  position  of 
the  piston  are  represented 


15-14 


The  pressure  gradient  induced  along  the  piston  wall  or  along 
the  opposite  stationary  wall  writes: 

-lib  =  _£Uo.  ,  ,,  <?U0 

P  dx  dt  0  dx 

It  can  be  simply  estimated  for  a  centred  point  vortex.  For 
r>0,  in  the  region  A  of  figure  1  : 


nb(t) 


>0  and 

1  dp 
p  dx 


t?U0  (r/7rfe(/)) 


dx 


'i-N. 
In 


b/2 


nb 3 


<0 


In  a  steady  situation,  Nc=0  and  we  see  that  region  A  (or 
region  B  along  the  piston  wall)  is  a  region  of  adverse 
pressure  gradient  with  U>0  and  (dp/dx)> 0  increasing 


sharply  as  b  3.  We  therefore  expect  a  significant  viscous 
response  of  the  boundary  layer  in  a  viscous  fluid.  This  point 
will  be  addressed  in  fixed  domains  in  the  next  part.  However, 
this  simple  computation  shows  that  a  sufficiently  high  value 
of  Nc  (Nc  >2/n)  can  induce  a  favourable  pressure  gradient 


with  U>0  and  (dp/dx)<  0  during  the  compression  and  can 
therefore  delay  the  boundary  layer  separation.  In  such  cases, 
an  abrupt  viscous  response  of  the  near  wall  flow  is  expected 
when  the  piston  slows  down  at  the  end  of  the  compression 
phase  with  b  and  thus  Nc  tending  toward  zero. 

For  a  non  centred  initial  point  vortex,  the  location  of  the 
pressure  gradient  maximum  at  the  wall  is  time  dependant  and 
the  boundary  layer  response  will  depends  on  the  initial  point 
vortex  position  in  a  complex  way. 


3  -  DNS  OF  THE  VISCOUS  RESPONSE  OF  THE 
BOUNDARY  LAYER  IN  FIXED  RECTANGULAR 
DOMAINS 

a/  Presentation  of  the  simulations 

DNS  is  used  here  to  compute  the  flow  field  induced  by  a 
vortex  in  rectangular  boxes  of  given  aspect  ratio  b/a=l  ;  1/2 
and  1/4.  The  code  NTMIX3D  (Stoessel  1995)  solves  3D 
unsteady  and  compressible  Navier  Stokes  equations.  A 
Cartesian  grid  is  used.  Spatial  derivatives  are  computed  with 
a  6th  order  compact  scheme  (Pade  scheme  -  (Lele  1992)) 
which  provides  low  dispersive  and  dissipative  errors.  These 
schemes  are  allowing  a  quasi  spectral  accuracy.  Time 
advancement  is  achieved  with  a  3r<^  order  Runge-Kutta 
method.  The  code  is  supporting  different  types  of  boundary 
conditions  (Poinsot  and  Lele  1992).  The  code  is  written  in 
parallel  and  the  simulations  presented  here  have  been  run  on 
a  Cray  T3D  128  processors.  The  2D  numerical  simulations 
have  been  performed  on  a  128x128  regular  grid  though  no 
significant  differences  are  found  when  a  coarser  64x64  grid 
is  tested.  For  the  3D  case,  we  use  a  64x64x64  regular  grid  in 
a  periodic  box  in  the  z  directions. 

The  initial  vortex  is  a  Lamb  Oseen  vortex.  The  azimuthal 
velocity  of  a  single  vortex  in  an  infinite  domain  reads: 

Ue  ~  a  ~e  j.  A  quasi  solid  body  rotation 

occurs  in  the  core  and  the  circulation  T  is  constant  at  infinity 
with  T  =  2 ncc  Vmrc.  Vm  is  the  maximum  azimuthal  velocity 
at  r  =  rc.  These  two  conditions  imply  the  two  relations 

\+2p  =  ep  and  a  =  '  i.e.  (3=1,2544  and  cc=l,40. 

In  an  infinite  viscous  fluid,  an  exact  solution  of  the  unsteady 
Navier  Stokes  equations  would  give  rc  =  Vvv  and 


Vm  =  r/V"w  .  The  chosen  vortex  has  a  Reynolds  number 
=T/v  =  4000  and  a  core  radius  rc/a  =  0.083.  The 
initialisation  of  the  vortex  velocity  and  pressure  field  in  the 
box  involves  nine  vortices:  The  superposition  of  the  vortex 
and  of  the  velocity  field  of  its  eight  first  images  ensures  a 
(quasi)  zero  normal  velocity  at  the  wall.  The  no  slip 
condition  is  imposed  by  setting  a  zero  velocity  at  the  wall. 
Three  grid  points  are  used  initially  to  smooth  out  the  induced 
velocity  change. 


3  c 


FIGURE  3:  spanwise  vorticity  contours  at  tv  =  22.8 
(Dashed:  negative  values  ;  Solid:  positive  values) 
3a  :  b/a=1  ;  3b  :  b/a=0.5  ;  3c  :  b/a=0.25 
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b)  2D  Numerical  simulations 

For  the  three  different  aspect  ratio  boxes,  the  vortex  is 
initially  non  centred  with  xc/a=2/3  and  yc/b=l/2.  (x,y)  are 
the  coordinates  associated  with  the  lower  left  corner  of  the 
box.  Figure  3  a-b-c  shows  the  computed  spanwise  vorticity  at 

the  non  dimensional  vortex  time  tv  =  rr/rc2  =  22.8. 
Numerical  values  correspond  to  the  ratio  of  the  vorticity  of 
the  pointed  contours  divided  by  the  core  vorticity  of  the 
initial  vortex  at  t=0.  In  the  case  of  the  square  box,  the  vortex 
has  significantly  moved  in  the  box.  The  study  of  a  sequence 
would  show  that  negative  vorticity  is  generated  at  the  wall 
and  rolled  up  into  the  flow  as  the  vortex  moves  and  rotates. 
Such  phenomena  are  explained  in  details  in  the  study  of  Van 
Geffen  et  al  (1996).  Similar  results  are  obtained  here;  the 
vortex  tends  to  drift  toward  the  centre  of  the  box  along  a  non 
smooth  spiral  and  decays  due  to  the  viscous  effects. 

A  sharper  response  of  the  viscous  boundary  layer  is  already 
observed  in  the  1/2  box.  The  negative  vorticity  sheets 
originate  from  the  near  wall  flow  and  spill  out  into  the 
domain.  These  sheets  are  seen  to  roll  up  into  vortex 
structures  which  are  still  feeded  by  the  wall  flow  in  figure  3b. 
We  can  expect  these  vortices  to  grow  until  their  diameter 
reach  the  width  of  the  box.  A  even  faster  evolution  is 
computed  in  the  1/4  box  as  predicted  in  part  2.  The  very  high 
adverse  pressure  gradient  induces  strong  separation  events  on 
both  upper  and  lower  walls  and  an  immediate  roll-up  into  two 
vigorous  vortices  of  negative  vorticity.  The  strong 
secondary  vortices  are  disconnected  from  the  wall  flow  in 
figure  3c.  We  see  that  they  lead  themselves  to  further 
separation  of  the  boundary  layer.  Moreover,  the  flow  remains 
quasi-symmetrical  with  respect  to  the  main  vortex  centre  for 
a  long  time  until  the  nearer  left  side  wall  is  reached  by  the 
perturbed  field.  The  initial  evolution  is  therefore  only 
induced  by  the  upper  and  lower  wall  and  controls  initially  the 
movement  of  the  main  vortex.  Significant  precessions  found 
with  free  slip  walls  (see  part  2)  are  inhibited  by  this  strong 
vortex  interaction. 

The  2D  results  confirm  that  the  no  slip  condition  at  the  wall 
is  of  major  importance  if  one  wants  to  predict  the  evolution 
of  the  compressed  vortex.  New  effects  associated  with  sharp 
separations  and  strong  secondary  structures  appear 
particularly  when  the  aspect  ratio  of  the  box  decreases. 

c)  3D  Numerical  simulations:  effect  of  a  slight 
initial  3D  deformation  of  the  vortex  axis 

The  effect  of  a  slight  initial  3D  deformation  of  the  vortex 
axis  is  discussed  in  this  section.  By  slight  deformation,  one 
means  a  perturbation  of  the  vortex  axis  of  wave  length  X  and 
of  initial  amplitude  d«a.  The  3D  vortex  is  therefore  quasi- 
parallel  to  the  wall  of  the  box.  The  initial  core  deformation 
can  be  the  result  of  the  complex  vortex  generation  during 
admission.  It  is  expected  to  be  amplified  during  the 
compression.  Recent  theoretical  works  have  been  published 
for  captive  vortices  in  domains  with  free  slip  walls. 
Lundgren  and  Mansour  (1996)  have  shown  that  a  transition 
to  turbulence  occurs  for  a  smooth  initial  vorticity 
distribution  in  the  rectangular  box  (Taylor  vortex)  and  is  due 
to  the  elliptical  nature  of  the  streamlines  of  the  basic  flow. 
For  narrow  cross  section  vortices  (rc«a)  of  wave  length 
3.»a,  Klein  et  al.  (1995)  have  shown  that  a  finite  time 
collapse  occurs  for  any  vortex  pair  with  a  negative 
circulation  ratio.  The  situation  is  more  complicated  for  the 
infinite  number  of  images  of  the  vortex  in  the  box. 
However,  as  the  vortex  filament  approaches  the  wall,  it 
mainly  interacts  with  its  first  image  symmetric  to  that  wall 
and  the  circulation  ratio  of  this  leading  vortex  pair  is  -1. 
With  slip  conditions  at  the  wall,  we  can  therefore  expect  a 


finite  time  collapse  of  the  perturbed  vortex  which  duration  is 
reduced  for  boxes  of  small  aspect  ratio. 

A  3D  numerical  simulation  was  performed  in  a  box  of  small 
aspect  ratio  b/a=l/4.  The  height  of  the  box  is  h=a.  The  wave 
length  of  the  sinusoidal  initial  perturbation  of  the  vortex  is 
^=a.  Periodic  conditions  are  prescribed  at  the  upper  and 
lower  boundaries.  The  initial  deformation  is  d/a  =  5%  for  an 
initial  core  equation:  xc/a  =  0.62  +  0.05cos(27Tz/a)  and 
yc/b  =  0.5+0.05cos(2Kz/a).  The  corresponding 
unperturbed  vortex  therefore  lie  in  the  middle  plane 
yc/b  =  0.5.  Other  initial  elevations  not  discussed  here  would 
lead  to  an  initial  dissymetry  in  the  role  of  upper  and  lower 
walls  and  to  different  further  evolution  of  the  structure. 
Figures  4  and  5a,  b  and  c  show  surfaces  of  constant  z- 
component  of  vorticity  for  respectively  the  initial  vortex 
and  the  3D  flow  field  at  tv=22.8,  tv=34.2  and  tv=45.6.  In 
each  figure,  the  surface  is  of  the  vorticity  value  that  is  20% 
of  the  maximum  vorticity  value  at  that  time.  In  figures  5,  we 
see  clearly  that  the  distortion  of  the  vortex  core  increases 
with  time.  In  fact,  the  early  strong  secondary  vortices 
induced  by  the  separation  of  the  near  wall  flow  (not  shown 
here  for  clarity)  are  significantly  curved.  Moreover,  their 
intensity  varies  in  the  spanwise  direction  as  the  distance 
between  the  wall  and  the  primary  structure  is  z-dependant. 
Their  curvature  therefore  continuously  amplify  as  they  roll 
around  the  primary  structure  and  they  are  expected  to  induce 
the  severe  contortions  of  the  main  vortex  seen  in  fig.  5a,  b 
and  c.  Such  situation  can  lead  to  vortex  reconnection 
(Corjon  et  al  1996;  Hussain  1986)  and  to  a  short  life-time  of 
the  initial  quasi  2D  structure.  This  complex  dynamics  is 
obviously  also  responsible  for  the  further  generation  of  3D 
vorticity  at  the  wall  . 


FIGURE  4:  Surface  of  z-component  of  vorticity  of  the 
initial  vortex 

The  iso-contours  of  the  spanwise  vorticity  in  the  z/a=0.5 
slice  at  tv=22.8  (fig.  6a)  differs  from  fig.  3c  with  less 
apparent  secondary  structures  and  a  lower  level  of  the  core 
vorticity  of  the  primary  structure.  Fig.  6b  and  6c  at  tv=34.2 
and  tv=45.6  show  a  greatly  distorted  vortex  core  interacting 
with  the  induced  near  wall  flow.  Typical  instability 
mechanisms  (Lundgren  and  Mansour  1996)  should  appear  in 
such  a  situation.  The  complex  3D  interactions  between  the 
primary  and  secondary  vortices  are  therefore  expected  to  lead 
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to  a  complete  breakdown  of  the  initial  structure  as  time 
proceeds  for  boxes  of  small  aspect  ratio. 


x* 

6  c 


FIGURE  6:  spanwise  vorticity  contours  for  z/a=0.5 
(Dashed:  negative  values  ;  Solid:  positive  values) 

6a:  tv=  22.8  ;  6b  :  /„  =  34.2  ;  6c  :  r„=45.6 

4  -  CONCLUSION 

A  first  analysis  of  vortex/wall  interactions  for  a 
compressed  tumbling  vortex  has  been  proposed  in  the 
present  paper.  This  work  is  closely  related  to  an 
experimental  study  on  its  way  at  IMFT  where  a  square  piston 
compression  machine  is  used  to  study  the  behaviour  of  a  2D 
tumble.  In  an  inviscid  fluid,  an  analytical  solution  has  been 
obtained  to  discuss  the  motion  of  a  point  vortex  of  constant 
intensity  submitted  to  a  compression  in  a  time  dependant 
rectangular  domain.  A  relevant  non  dimensional  number  Nc 
comparing  the  velocity  induced  respectively  by  the  vortex 
and  by  the  piston  displacement  is  obtained  and  the 
displacement  of  the  point  vortex  is  displayed  for 
representative  Nc.  Moreover,  if  Nc  exceeds  a  given  limit,  the 
compression  unsteadiness  leads  to  a  favourable  pressure 
gradient  along  the  cylinder  wall  and  is  therefore  expected  to 
delay  the  viscous  response  of  the  near  wall  flow. 

This  viscous  response  is  the  result  of  a  complex  process 
and  was  studied  by  direct  numerical  simulation  for  an  initial 
Lamb-Oseen  vortex  of  moderate  Reynolds  number  (Re= 
4000)  placed  in  a  rectangular  box  of  given  aspect  ratio.  2D 
simulations  show  that  the  viscous  response  is  relatively 
muted  in  a  square  box  and  that  the  vortex  moves 
significantly  under  the  influence  of  the  four  side  walls.  On 
the  contrary,  for  a  box  of  small  aspect  ratio,  the  very  high 
adverse  pressure  gradient  induces  strong  separation  events 
which  lead  themselves  to  further  separation.  Moreover,  the 
initial  evolution  of  the  structure  is  only  controlled  by  the 
two  opposite  nearer  walls.  The  effect  of  a  slight  initial  3D 
deformation  of  the  vortex  axis  was  discussed  in  the  last 
section.  For  an  initial  sinusoidal  deformation  in  a  box  of 
aspect  ratio  b/a=l/4,  the  3D  flow  field  differs  significantly 
from  the  2D  flow  field  also  computed.  In  fact,  the  early 


strong  secondary  vortices  induced  by  the  separation  of  the 
near  wall  flow  are  significantly  curved.  Moreover,  their 
intensity  varies  in  the  spanwise  direction  as  the  distance 
between  the  wall  and  the  primary  structure  is  z-dependant. 
Their  complex  interaction  with  the  initial  structure  is 
responsible  for  the  further  generation  of  3D  vorticity  at  the 
wall,  leads  to  a  severe  distortion  of  the  main  vortex  and  is 
expected  to  be  responsible  for  a  complete  destabilisation  of 
the  flow. 

In  analysing  the  "breakdown"  of  a  compressed  tumbling 
motion,  one  has  to  take  into  account  the  role  of  the  no  slip 
condition  at  the  wall  and  the  eventually  abrupt  generation  of 
opposite  vorticity.  The  present  work  shows  that  the 
compression  unsteadiness  interacts  with  this  process. 
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ABSTRACT 

This  paper  reports  on  experimental  and  numerical  investi¬ 
gations  of  joint  effects  of  compression  and  swirl  on  turbu¬ 
lence  in  a  cylinder,  idealizing  essential  flow  features  found 
in  IC  engines.  Experiments  were  performed  in  a  single- 
stroke,  rapid  compression  machine  (RCM),  with  a  trans¬ 
parent  rotatory  cylinder  end-section  and  a  stationary  part 
accommodating  a  piston.  The  numerical  simulations  were 
performed  using  a  new  low-Re  version  of  the  Reynolds- 
stress  model,  which  has  been  previously  tested  on  a  wide 
variety  of  swirling  flows.  Comparisons  are  drawn  to  the 
data  and  to  simulations  using  other  standard  turbulence 
models.  In  general,  good  agreement  is  achieved  for  the 
global  flow  patterns,  however  some  details  of  the  turbu¬ 
lence  evolution  must  be  examined  further. 

1.  INTRODUCTION 

The  global  aim  of  the  present  study  is  to  improve  the 
predictability  of  flow  aerodynamics  in  cylinders  of  IC  en¬ 
gines.  These  flows  are  exceedingly  complex,  involving  high 
swirl  numbers,  high  degrees  of  anisotropy,  compression  ef¬ 
fects  and  in  the  case  of  fired  engines,  the  interaction  with 
the  combustion  process.  Even  restricting  attention  to  the 
isothermal  case,  large  differences  can  be  found  among  the 
predictions  of  the  same  flow  using  different  codes  and  tur¬ 
bulence  models,  a  situation  which  is  highly  unsatisfactory 
from  the  viewpoint  of  the  engine  developer.  The  complex¬ 
ity  of  the  flow  makes  it  difficult  however,  to  identify  the 
weaker  components  of  the  models  used  and  furthermore, 
comprehensive  experimental  data  for  systematic  parame¬ 
ter  variations  are  rare.  In  the  past,  this  situation  has  led 
to  the  use  of  various  rapid  compression  machines,  in  which 
the  geometry  of  the  problem  has  been  simplified  and  the 
flow  is  experimentally  more  accessible  over  a  wide  range 
of  parameters  ([l]-[5]). 

In  the  present  study,  a  novel  facility  is  introduced  in  which 
not  only  the  compression  is  achieved,  but  also  an  initial 
swirl,  without  the  use  of  valve-generated  inlet  flow,  which 
tends  to  induce  complicating  secondary  flows.  The  inten¬ 
tion  is  to  reduce  the  engine  flow  to  some  of  its  individual 


flow  components,  i.e.  swirl  and  compression,  in  a  system¬ 
atic  manner,  to  allow  the  performance  of  the  simulations 
to  be  evaluated  with  respect  to  certain  flow  features. 

Both  experiments  and  numerical  simulations  examine  three 
flow  cases: 

•  steady  rotation  of  the  cylinder 

•  spin-down  (flow  evolution  after  cylinder  rotation  is 
abruptly  stopped) 

•  spin-down  with  compression 

Besides  providing  validation  data  for  the  simulations,  the 
experiments  yield  information  about  the  effect  of  single¬ 
stroke  compression  upon  swirl  and  on  the  evolution  of 
turbulence.  Also  some  interesting  observations  about  the 
global  flow  pattern  can  be  made.  Nevertheless,  it  must  be 
emphasized  that  this  experimental  investigation,  although 
related  closely  to  flows  encountered  in  an  IC  engine,  re¬ 
mains  an  idealization  and  finds  its  true  value  only  together 
with  the  numerical  simulations. 

The  following  section  briefly  describes  the  experimental 
facilities  and  the  numerical  details.  This  is  followed  by 
a  presentation  of  the  results  according  to  the  three  cases 
mentioned  above. 

2.  DETAILS  OF  THE  EXPERIMENT  AND 
NUMERICAL  SIMULATIONS 

2.1  Experimental  Apparatus 

The  rapid  compression  machine  (RCM)  allows  observation 
of  the  time-dependent  behavior  of  an  in-cylinder  flow  with 
a  specified  swirl  strength  under  the  influence  of  a  one  di¬ 
mensional  compression.  Fig.  1  shows  the  design  and  the 
dimensions  of  the  RCM.  With  the  current  apparatus,  the 
available  range  of  operational  parameters  corresponds  to 
those  typically  found  in  combustion  engines,  but  also  en¬ 
compasses  conditions  corresponding  to  Rapid  Distortion 
Theory.  Note  that  Giintsch  and  Friedrich  (1994,  [6])  have 
used  the  same  geometry  for  their  DNS  computations. 

The  experimental  operation  consists  primarily  of  two  phases. 
The  first  phase  is  that  related  to  the  generation  of  swirl 
inside  the  cylinder.  The  cylinder  consists  of  a  rotating 
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part  (section  Zh  +  zc)  and  anon-rotating  part  (section  zs), 
where  the  rotating  section  is  driven  by  an  external  motor. 
Both  sections  are  separated  by  a  small  gap  (A z  =  1  mm). 


Cyllfldor  Head 
Ontfcal  Acoaee 


Stationary  section  Rotating  section 


Figure  1:  Design  of  the  Rapid  Compression  Machine 

After  stopping  the  cylinder  rotation,  a  compression  stroke 
is  performed  by  a  hydraulically  driven  piston.  For  optical 
access,  the  cylinder  head  (module  section  zc)  is  made  out 
of  glass.  Its  length  may  easily  be  changed  to  enable  exper¬ 
iments  at  different  compression  ratios  ec  =  (zh.  +  zc)j zc. 
Note  that  section  ze  serves  as  acceleration  length  of  the  pis¬ 
ton  to  its  desired  initial  compression  velocity  when  pass¬ 
ing  the  gap.  The  swirl  is  characterized  by  the  rotation 
rate  of  the  cylinder.  The  motor  used  to  drive  the  cylinder 
is  capable  of  rotation  rates  up  to  3000  rpm,  with  exper¬ 
iments  being  performed  at  30,  300,  1200  and  1800  rpm. 
The  compression  mode  is  characterized  by  two  parameters. 
The  compression  ratio,  while  experimentally-adjustable  by 
changing  the  clearance  height  zc,  has  been  fixed  to  a  value 
of  tc  =  5.0.  The  second  compression-related  parameter 
is  the  compression  (or  strain)  rate  S,  which  is  defined  as 
the  instantaneous  piston  speed  vp  versus  the  length  of  the 
current  volume  to  be  compressed  (z): 


1  dzp  Vp 
z  dt  z 


(1) 


The  piston  velocity  can  be  controlled  during  the  entire 
stroke  and  in  the  present  experiments  an  exponentially  de¬ 
caying  velocity  is  used,  corresponding  to  a  constant  strain 
rate,  although  recent  work  of  Giintsch  and  Friedrich  (1994, 
[6])  suggest  that  the  flow  is  rather  insensitive  to  the  piston 
velocity  function.  Since  the  hydraulic  system  allows  ex¬ 
periments  being  performed  at  constant  S  in  the  range  of 
0.0  <  S  <  11.5  Hz,  measurements  have  have  been  carried 
out  at  S  =  0.5  Hz  and  S  =  11.5  Hz. 


A  four-beam,  two-component  backscatter  LDA  with  rather 
small  measurement  volumes  of  25.8  p m  and  27.2  pm  was 


used  for  velocity  measurements.  The  essential  specifica¬ 
tions  of  the  system  Eire  given  in  table  1. 


2-component-LDA  probe 


BEAM  SEPARATION: 
NUMBER  OF  FRINGES  : 
FOCAL  LENGTH  f 


INTERS.  HALF  ANGLE  4> 
MCV  DIAMETER  dm 
LENGTH  OF  MCV  lm 
FRINGE  SPACING  Ax 


D  -  22 mm 
Nf  =  9.96 
120  mm  ' 
A  —  488nm 
5.237  0 
25.82  fim 
281.65  pm 
2.67  pm 


A  =  514nm 
5.237  0 
27.22  pm 
296.9  pm 
2.82  pm 


MCV  :  MEASUREMENT  CONTROL  VOLUME 


Table  1:  Specifications  of  the  LDA  probe 


Oil  droplets  (mixture  1:1)  with  diameters  of  dp  <  1  pm 
produced  in  a  pressure  atomizer  were  used  for  seeding, 
injected  through  the  gap  during  the  spin-up  phase.  The 
experiment  is  a  one-shot  experiment,  thus  all  data  acqui¬ 
sition  was  synchronized  to  the  cylinder  stop  signal.  Typ¬ 
ically  50,  and  sometimes  up  to  200  repetitions  were  per¬ 
formed  to  build  statistics  about  the  flow  field.  Thus  the 
mean  velocity  refers  to  the  time  mean  velocity  for  steady 
rotation  but  to  a  phase  mean  velocity  for  all  other  mea¬ 
surements.  Further  details  of  the  experimental  facility  can 
be  found  in  the  work  of  Volkert  et  al.  (1996,  [7])  and  Han- 
jalic  et  al.  (1996,  [8]). 

Symmetry  of  the  flow  statistics  was  checked  by  perform¬ 
ing  measurements  across  the  entire  cylinder  diameter  as 
shown  in  Figure  2.  Together  with  repeatability  checks, 
this  leads  to  estimations  of  the  measurement  accuracy  for 
the  mean  velocity  of  2%  for  normalized  radii  r/R  >  0.1. 
The  statistical  certainty  of  the  turbulence  measurements 
was  of  similar  order  of  magnitude,  however  several  factors 
may  introduce  a  bias  into  measured  fluctuating  quantities. 
These  include  finite  phase-window  averaging,  especially  in 
the  presence  of  strong  time  gradients  of  velocity.  More  se¬ 
vere  are  biases  introduced  by  vortex  precession,  which  was 
observed  using  PIV.  A  method  for  estimating  and  correct¬ 
ing  for  this  bias  is  introduced  in  Volkert  et  al.  (1996,  [7]). 


Figure  2:  Tangential  velocity  profiles,  showing  a  sym¬ 
metrical  swirl  structure  during  steady  cylinder  rotation 

2.2  Numerical  Method  and  Turbulence  Model 

Three  operational  modes  of  the  RCM  are  to  be  simu¬ 
lated:  steady  rotation  (d/dt  =  0),  spin-down  and  com¬ 
pression,  for  which  all  three  velocity  components  and  all  six 
Reynolds  stress  components  must  be  accounted  for.  The 
Reynolds  averaged  continuity  and  momentum  equations 
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are  solved  under  simplifying  assumption  of  axisymmetry 
(d/d6  =  0),  but  allowing  the  density  to  change. 


1  d(pUj)  ,  1  d(rUj) 
p  dt 

1  d(pUt)  I9(r  UjVj) 

p  dt  r  dxj 

p  OX{ 

The  source  terms  Su,  arising  from  the  coordinate  trans¬ 
formation  are  given  in  table  2. 


dxj 


1  d 

r  dxj 

1  dP 


dUj 
dx , 


+  Sut 


(3) 


su, 

Convection 

Vise,  diffusion 

Turb.  diffusion 

Su 

- 

- 

- 

Sy 

+W2/r 

- vV/r 2 

+w2  /r 

Sw 

-VW/r 

- uW/r 2 

—wv/r 

Table  2:  Sources  of  mean  momentum  equations 


Assuming  acoustic  waves  are  not  significant  ([6],  [9],  [10]), 
the  gas  density  is  only  a  function  of  time  and  temperature, 
given  for  adiabatic  compression  by  the  compression  ratio 
and  related  to  the  temperature  through 


mV  1  ....  T(t) 
Po  To 


(4) 


The  time  variation  of  viscosity  is  accounted  for  through 
Sutherland’s  law: 


Po 


(5) 


where  in  both  Equations  (4)  and  (5)  the  index  ”o”  refers 
to  the  beginning  of  the  compression  process.  The  homo¬ 
geneous  density  also  implies  a  homogeneous  divergence  of 
the  mean  velocity  so  that  the  terms  in  Eq.  (3)  represent¬ 
ing  molecular  conditioned  momentum  transport  are  free  of 
dilatational  effects. 

In  order  to  conserve  the  number  of  mesh  cells  during  the 
compression  stroke  the  so  called  space  conservation  law 
(SCL,  Demirdzic  und  Peric  [11])  is  applied.  The  method, 
incorporated  into  a  finite  volume  procedure,  involves  the 
solving  of  an  additional  equation  describing  conservation  of 
space  simultaneously  with  the  continuity  and  momentum 
equations.  This  new  equation  reads  for  a  spatial  region  of 
volume  V  bounded  by  a  closed  surface  S: 


Vb-ndS  =  0 


(6) 


where  Vs  stands  for  the  velocity  of  moving  boundaries  of 
the  computational  domain.  In  a  case  of  an  one-dimensional 
compression  is  Vfc  =  (UP,  0,  0),  where  Up  represents 
the  piston  velocity.  The  convective  parts  of  Equations  (2) 
and  (3)  take  the  following  forms  in  the  moving  coordinate 
frame: 

1  d(rUj)  1  d[r  (Uj  —  Ubj  )] 

r  dxj 

1  d(rUjUi) 
r 


■  — 
r 


(7) 

dx}  r  dxj  ^ 

Without  further  elaboration  it  can  be  stated  that  simple 
eddy-viscosity  models  are  not  expected  to  capture  essential 
features  of  this  flow,  in  which  strong  swirl  and  compression 


dxj 

\d[rUj  (Uj  -  Ubj)] 

r 


effects  lead  to  strong  anisotropy  of  turbulence.  This  ex¬ 
tends  also  to  the  use  of  wall  functions.  As  an  illustration, 
Figure  3  presents  measured  and  computed  near-wall  pro¬ 
files  of  the  tangential  and  axial  velocity  for  the  spin-down 
case. 


Figure  3:  Departure  of  the  mean  axial  and  the  mean 
tangential  velocities  from  the  logarithmic  law 

Clearly  there  is  considerable  deviation  from  a  logarithmic 
behaviour  at  the  wall.  For  these  reasons  the  numerical 
simulations  were  performed  using  a  low- Re  Reynolds-stress 
model,  based  on  the  standard  high- Re-number  uiuj-e  clo¬ 
sure  (Gibson  and  Launder  (1978)),  which  serves  as  high- 
Re-number  asymptote,  Hanjalic  et  al.  (1997,  [12]).  The 
special  features  of  the  model  are  new  modifications  ac¬ 
counting  for  the  low-Re-number  and  non- viscous  wall  block¬ 
age  effects  as  well  as  pressure  reflection.  In  addition  to  sat¬ 
isfying  most  of  the  basic  physical  constraints,  the  model 
was  validated  by  the  high  quality  of  reproduction  of  flow 
and  turbulence  details,  particularly,  in  the  vicinity  of  solid 
wall,  in  a  broad  variety  of  non-equilibrium  flows  featur¬ 
ing  different  phenomena:  a  series  of  attached  and  separat¬ 
ing  flows  with  strong  time-  or  space-variations  or  abrupt 
changes  of  boundary  conditions  in  a  wide  range  of  Re¬ 
numbers.  Particular  validation  efforts  were  given  to  the 
computations  of  flows  relevant  to  the  flow  in  the  RCM: 
rotating  and  swirl  flows  in  pipes  and  combustor  chambers 
(Jakirlic,  (1997,  [13])). 

3.  RESULTS 
3.1  Steady  Rotation 

The  flow  field  during  steady  rotation  is  the  start  condi¬ 
tion  for  the  spin-down  and  compression  experiments  and  is 
characterized  by  a  strong  tangential  fluid  motion  (desired 
initial  swirl  intensity)  and  a  weak  axial  circulation  of  the 
flow  from  the  piston  to  the  cylinder  head  on  the  centerline 
and  returning  along  the  cylinder  wall,  which  is  induced  by 
the  stationary  part  of  the  cylinder  and  the  piston  surface 
(Figure  4). 


Figure  4:  Stream  line  plot  documenting  the  secondary 
fluid  motion 
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Thus  the  flow  does  not  achieve  the  state  of  solid  body  ro¬ 
tation,  which  can  be  seen  directly  from  tangential  velocity 
profiles  across  the  cylinder  radius,  as  presented  in  Figure 
5. 


Figure  5:  Radial  profiles  of  the  swirl  velocity  for  differ¬ 
ent  rotation  rates  Nw  -  comparison  of  experimental  and 
numerical  results 

Agreement  between  experiments  and  computation  is  good 
for  a  rotational  speed  of  Nw  =  300  rpm  (Re$  =  5890, 
based  on  cylinder  diameter  and  rpm  velocity),  however  at 
higher  rotations,  the  computations  show  complete  lami- 
narization,  which  leads  to  a  weaker  influence  of  the  mo¬ 
mentum  loss  effects  by  the  stationary  part  of  the  cylinder, 
and  thus  to  higher  swirl  velocities  at  the  wall. 

The  experimentally  determined  velocity  fluctuations  were 
very  low,  but  not  typical  of  laminar  flow,  as  shown  in  Fig¬ 
ure  6  for  three  rotation  rates  and  for  two  components,  v' 
and  w'.  Not  only  are  v'  and  w'  close  to  one  another,  but 
also  u'  (not  shown)  is  of  similar  magnitude,  so  that  an 
isotropic  assumption  is  plausible  for  this  operation  condi¬ 
tion. 

Radial  profiles  of  the  axial  velocity  are  shown  in  Figure 
7,  showing  the  weak  axial  circulation  amounting  to  about 
1-2  %  of  the  rotation  speed  for  1200  rpm. 


r  (mm) 

Figure  6:  Measured  radial  profiles  of  the  tangential  ( w ') 
and  the  radial  ( v ')  rms  components  for  different  rotation 
rates  Nw 

Again,  good  agreement  between  experiment  and  computa¬ 
tions  is  achieved  for  low  rotation  speeds  (Nw  =  30/300  rpm), 
with  considerable  deviations  for  Nw  =  1200  rpm.  The 
development  of  the  flow  in  the  axial  direction  is  weak,  as 
demonstrated  by  comparing  several  axial  velocity  profiles 
at  the  positions  z  =  10,20  and  30  mm  (Figure  8).  Both 
experiments  and  computations  confirm  this. 


Figure  7:  Radial  profiles  of  the  axial  velocity  for  differ¬ 
ent  rotation  rates  Nw  -  comparison  of  experimental  and 
numerical  results 


Figure  8:  Radial  profiles  of  the  axial  velocity  at  differ¬ 
ent  axial  positions  for  Nw  =  300  rpm  -  comparison  of 
experimental  and  numerical  results 

3.2  Spin  Down 

Experimentally  the  spin-down  condition  was  investigated 
by  performing  a  series  of  one-shot  experiments  and  the  re¬ 
sults  presented  below  are  averages  over  about  50  “shots” . 
Figure  9  presents  the  evolution  of  the  tangential  compo¬ 
nent  for  a  spin-down  from  300  rpm  at  three  radii  (r/R  = 
0.48,0.80,0.96),  plotted  all  with  the  same  velocity  scale 
normalized  with  the  initial  wall  rotation  velocity. 

The  profile  at  r/R  =  0.48  has  been  replotted  with  an  ex¬ 
panded  vertical  scale  to  allow  better  comparison  between 
experiment  and  computations.  Generally  this  compari¬ 
son  shows  good  agreement,  even  reproducing  some  of  the 
finer,  non-monotonic  behaviour  of  the  swirl  decay,  partic- 
ularily  immediately  after  the  cylinder  has  been  stopped 
(t  =  0).  All  profiles  exhibit  a  systematic  offset  of  about 
3  —  4%  between  experiment  and  computations,  which  may 
be  partially  due  to  small  uncertainties  in  the  positioning 
of  the  LDA  measurement  volume  but  more  likely  due  to 
the  slightly  different  start  distributions  of  the  tangential 
velocity,  as  seen  already  in  Figure  5. 

Figure  10  compares  the  evolution  of  the  axial  velocity  pro¬ 
files  at  z  =  20  mm  for  a  spin  down  from  Nw  =  300  rpm. 
It  is  very  interesting  to  note  that  at  this  axial  position  a 
reverse  circulation  arises  at  f  =  0.5  s,  confirmed  by  both 
experiments  and  computations. 

3.3  Spin- Down  with  Compression 

Experimental  results  of  the  decaying  swirl  velocity  are  pre¬ 
sented  in  Figure  11  for  two  compression  rates  (5  =  0.5  Hz 
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Figure  9:  Evolution  of  the  decaying  swirl  velocity  during 
spin  down  -  comparison  of  experiment  and  simulations 

and  S  =  11.5  Hz),  whereby  the  spin-down  results  are  given 
as  reference.  The  time  at  which  the  piston  reaches  top 
dead  center  (TDC)  is  shown  as  a  dashed  line.  Clearly  the 
compression  effects  the  swirl  behaviour,  in  general  acceler¬ 
ating  its  decay.  Negative  swirl  appears  over  some  portions 
of  the  cross  section  at  certain  times,  which  indicates  a  more 
complex  vortex  structure  upon  compression.  However  the 
diagrams  in  Figure  11  only  show  the  velocity  at  one  ra¬ 
dial  position.  In  Figure  12,  the  entire  radial  profile  of  the 
tangential  velocity  is  shown  for  the  same  conditions  and 
at  two  time  steps  during  compression.  The  first  two  dia- 
gramms,  taken  at  300  rpm,  indicate,  that,  compared  with 
spin-down  results,  the  swirl  structure  changes  dramatically 
during  and  sifter  compression  for  both  compression  rates. 
The  deviation  from  spin-down  behaviour  occurs  sooner  at 
the  high  compression  rate,  however,  relative  to  the  piston 
motion,  the  reverse  is  true.  In  any  case,  in  accordance  with 
DNS  computations  of  Giintsch  ([14],  1996),  a  reverse  swirl 
over  a  large  portion  of  the  cylinder  radius  occurs  already 
before  top  dead  center. 


Figure  10:  Evolution  of  the  axial  velocity  profile  during 
spin  down  -  comparison  of  experiment  and  simulations 
(experimental  points  are  connected  using  a  spline  inter¬ 
polation) 


Figure  11:  Evolution  of  the  decaying  swirl  velocity  as 
function  of  the  initial  swirl  intensity  Nw  and  the  com¬ 
pression  rate  S 


15-23 


Thus  the  induced  secondary  flow  from  the  piston  motion 
strongly  influences  the  swirl  structure.  Current  experi¬ 
ments  and  simulations  are  complementing  the  available 
data  to  define  more  precisely  the  induced  secondary  flow. 


Figure  12:  Evolution  of  the  tangential  velocity  profiles  as 
function  of  the  compression  rate  S  (upper  plots  Nw  = 
300  rpm,  lower  plots  Nw  —  1200rpm) 

At  the  higher  initial  rotation  rate  of  1200  rpm,  the  swirl 
development  is  much  more  uniform  across  the  cylinder  ra¬ 
dius  and  also  shows  less  departure  from  the  spin-down 
case.  Thus,  the  swirl  appears  to  be  more  dominant  over 
the  induced  secondary  flows,  at  least  up  to  the  times  shown 
in  Figure  12,  as  might  be  expected. 

The  above  results  and  discussions  have  concentrated  pri¬ 
marily  on  the  development  of  the  transient  flow  during 
spin-down  and  compression,  for  which  initial  comparisons 
between  experiment  and  simulations  are  encouraging.  More 
detailed  comparisons  of  the  turbulence  quantities  are  in 
progress. 
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ABSTRACT 

Velocity  and  temperature  field  data  are  presented  for  a 
model  defroster  flow:  a  wall  jet  formed  by  a  slit  jet 
discharging  next  to  a  planar  surface.  The  velocity  field  is 
characterized  by  the  fluid  acceleration  from  the  plenum  to 
the  vena  contracta  (x/w=  1.7)  and  the  subsequent 
development  of  a  region  of  apparent  self-preservation: 
xJwSil.  Near  wall  temperature  measurements  successfully 
resolved  the  linear  T(y)  distribution  which  permitted  the 
heat  flux  {q")  and  the  Nusselt  number  to  be  inferred  for 
the  downstream  locations. 

INTRODUCTION 

A  typical  automotive  vehicle  deffost/defog  system  can  be 
characterized  as  the  oblique  impingement  of  a  three- 
dimensional  rectangular  (and  —  quite  likely  —  non- 
uniform)  jet  on  an  inclined  surface.  Representative 
measurements  and  computational  results  for  a  defroster 
flow  in  a  production  vehicle,  which  show  the  complexities 
of  such  flows,  have  been  reported  by  AbdulNour  and  Foss 
(1997). 

The  defroster  flow,  and  its  contribution  to 
removing/preventing  the  build-up  of  frost  on  the 
windshield,  is  an  important  element  in  the  safe  operation  of 
the  vehicle  in  cold  climates  and  strict  regulations  on  its 
performance  must  be  addressed  by  vehicle  manufacturers. 
The  present  communication  reports  on  an  investigation 
that  is  motivated  by  this  technological  application.  It  is, 
appropriately,  a  simplified  representation  of  the  prototype 
problem.  The  geometry  for  the  present  flow  field  is  shown 
schematically  in  Fig.  1.  The  pressurized  plenum  delivers 
symmetric  (y>0  and  y<0)  slit-jet  flows  past  the  centered 
test  element;  the  coordinate  system  is  shown  in  Fig.  2. 
This  symmetric  arrangement  ensures  a  thermally 
symmetric  condition  in  which  the  thermal  energy  is 
transferred  from  the  circulating  liquid  to  the  two  airstreams 


through  the  walls  of  the  test  chamber.  The  large 
conductivity  of  the  thin  (aluminum)  chamber  walls  and  the 
relatively  large  flow  rate  of  the  circulating  liquid  ensure 
that  the  surface  temperature  (45°C)  of  the  chamber  walls  is 
both  uniform  and  time  invariant. 

The  slit  jet  configuration,  shown  in  Fig.  1,  was  selected  to 
provide  a  universal  initial  condition  for  the  wall  jet. 
Specifically,  the  flow  that  is  delivered  from  this  orifice  is 


FIGURE  la:  Details  of  the  subject  flow  field. 
Elevation  -  side  view  of  the  plenum  and  the 
centered  divider  plate. 

Note  dimensions  in  millimeters 
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FIGURE  1b:  Details  of  the  subject  flow  field. 

Elevation  -  front  view  of  the  plenum  and  the 
centered  divider  plate. 

Note  the  side  plates  that  ensure  a  planar  flow. 

characterized  by  a  thin  boundary  layer  at  the  separation  lip 
(5<SCw).  Hence,  the  trajectory  of  the  separation  streamline, 
the  pressure  gradient  on  the  test  surface  and  the  location  of 
the  vena  contracts  are  independent  from  the  magnitude  of 
the  Reynolds  number. 

The  selected  orifice,  and  the  relatively  close  14w) 

measurement  region  do  not  permit  useful  comparisons  with 
other  wall  jet  studies  as  discussed  by,  for  example,  Launder 
and  Rodi  (1979),  Akfirat  (1966),  and  Nizou  (1981). 


One  aspect  of  the  "idealization"  that  is  reflected  in  the 
present  study  is  the  use  of  a  heated  surface  with  a  cold  air 
flow.  Since  body  force  effects  are  not  important  in  this 
investigation,  the  direction  of  the  heat  transfer  between  the 
plate  and  the  air  flow  is  not  of  qualitative  significance. 


X 


FIGURE  2:  Coordinate  system  that  is  used  to 
describe  the  subject  flow  field. 


Notes:  i)  Inside  working  space:  2.41  m  high,  1.82 
m  wide  and  2.68  deep;  ii)  Flow  system  of  Fig.  1  is 
located  atop  plenum;  iii)  A  honeycomb  (3x25  mm 
cell  size)  and  3-40  mesh  screens  are  located  below 
the  850  mm  x  850  mm  x  600  mm  plenum 

The  indicated  flow  system  of  Fig.  1  is  contained  within 
the  subatmospheric  domain  of  the  flow  facility  that  is 
shown  in  Fig.  3.  This  facility  delivers  air  from  a  low 
disturbance  plenum  into  the  subatmospheric  receiver.  The 
receiver  is  evacuated,  through  a  metering  Venturi  tube,  by 
a  two-stage  Spencer  Blower.  Hence,  the  wall  jets  are 
formed  from  a  quite  well  defined  initial  condition. 

The  present  results  are  taken  from  the  second 
Studienarbeit  thesis  of  the  first  author.  An  internal  report, 
that  is  based  upon  this  thesis  effort,  is  available  as 
Willenborg  and  Foss  (1996).  A  complementary  study  of 
the  constant  heat  flux  ( q ")  condition,  the  report  on  which 
is  available  from  the  second  author  and  which  uses  the 
same  flow  facility,  has  been  submitted  to  the  ASME  for 
publication. 

EXPERIMENTAL  EQUIPMENT  AND  PROCEDURE 

Conventional  hot-wire  techniques  are  used  to  record  the 
mean  and  rms  velocity  magnitudes  in  the  isothermal  slit  jet 
at  z=0.  (Side  wall  barriers  and  the  uniformity  of  the 
relatively  narrow  slit  --  w=2  cm,  1=35.6  cm  --  ensure  that 
the  central  region  exhibits  a  planar  character.)  The  hot¬ 
wire  calibrations  cover  the  relevant  range  of  velocity 
values  l<u<t/o(=10  mps)  where  Uc  is  the  velocity  at  the 
vena  contracta  as  defined  by: 

U=[(2/p)(PprPrjr-  (1) 

Representative  calibrations  using  a  1  Torr  Baratron 
transducer  involve  standard  deviations  between  the 
analytical  form 


E:-A  +BQ1  (2) 
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FIGURE  4:  A  composite  representation  of  the  mean 
velocity  values  in  the  slit-wall  jet  flow. 

and  the  measured  Q  values  of  0.05  mps  where  the 
measured  hot-wire  voltage  ( E)  is  accepted  as  having 
negligible  uncertainty. 

Thermal  measurements  were  made  with  a  small  bead 
(d=7.6  pm  diameter)  thermocouple  for  the  time-mean: 
T(y),  data.  This  thermocouple  was  calibrated  using  the 
reference  thermocouple  that  was  used  to  determine  the  liquid 
temperature  («45°C)  in  the  circulating  liquid  of  the 
chamber. 

RESULTS  AND  DISCUSSION 

The  Velocity  Field 

A  composite  representation  of  the  mean  velocity 
distributions  from  a  station  near  the  nozzle  exit  plane 
(x/w=0.127)  to  the  upper  region  of  the  test  plate 
(x/w=l4.6i)  is  shown  in  Fig.  4.  This  figure,  which  is 
difficult  to  interpret  given  the  density  of  points,  is  to 
convey  the  level  of  detailed  information  that  is  available 
regarding  this  flow  field.  Willenborg  and  Foss  (1996) 
provide  this  detailed  information.  The  rapid  development 
of  the  velocity  field  is  shown  more  explicitly  in  the  mean 
and  rms  distributions  for  the  locations  x/w=0.127  and 
0.635,  Fig.  5a,  and  for  locations  xAv=1.27  and  1.91,  Fig. 
5b. 

Figure  6  shows  the  same  data  plotted  in  a  scaled  manner: 


(3) 

where  Umttx  is  the  maximum  velocity  of  the  traverse  and  82 
is  the  location  for  which 

u(x,y)/Umax=0.5  and  du  /  8y  <  0  .  (4) 


FIGURE  5a:  Detailed  mean  velocity  distributions 
near  the  jet  exit;  these  data  are  from  the 
accelerating  flow  region. 


Figure  5b:  Mean  velocity  distributions  prior  to 
(x/w  =  1 .27)  and  following  (x/w=  1 .91 )  the  vena 
contracta  (x/w«1.7). 


FIGURE  6:  Mean  velocity  distributions  scaled  with 
the  intrinsic  parameters:  Umix  and  82. 
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(6) 


Figure  7  presents  the  scaled  data  for  the  region:  w/x>7.  It 
is  evident  that  the  mean  velocity  has  reached  a  self¬ 
preserving  state  in  this  range  of  downstream  distances. 
Similarly,  the  experimental  results  for  the  rms  fluctuation 
levels  exhibit  a  self-preserving  character  for  x/w>7;  see 
Fig.  8. 

The  x-dependencies  of  these  scaling  values: 

(5 2(x))/w  and  <UKJx))nj. 
are  shown  in  Figs.  9a  and  9b. 

A  distinctive  attribute  of  these  data  is  the  apparent 
"laminar'1  (albeit  "disturbed")  character  of  the  near  wall 
region  for  the  full  length  of  the  test  plate.  Namely,  Fig.  10 
shows  the  mean  and  rms  velocity  distributions  at 
xV=  13.34.  The  peak  rms  values  reflect  the  production  of 
turbulence  energy  in  the  y«82  region  with  only  a  minimal 
rise  in  u  in  the  strong  du/  dy  gradient  region 
(0£y/w£0.05).  This  observation  is  rational  given  the 
relatively  small  R,  values: 


R^UoL<2xlO},  (5) 

v 

that  characterize  the  flow  at  the  farthest  downstream 
location.  Figure  11  further  clarifies  the  non-standard 
character  of  the  boundary  layer  region.  Namely,  the  mean 
velocity  data  of  Fig.  10  are  compared  with  the  Blasius 
(laminar)  and  a  1/7  power  law  form  (turbulent)  in  this 
figure. 

The  Thermal  Field 

Figure  12  shows  the  time  averaged  temperature 
distribution  in  the  heated  region  of  the  plate  as  expressed 
by  the  non-dimensional  quantity:  0(x). 


FIGURE  7:  Mean  velocity  distributions  in  the  self- 
preservation  region:  x/w>7. 


6(x)= 


T(x,y)  -  T  pi 
Ts-Tp, 


The  indicated  distributions  show  that  0(y)  has  reached  its 
limiting  (i.e.,  minimum)  condition  for  y/w^O.25.  However, 
this  minimum  is  also  seen  to  be  a  function  of  the 
streamwise  position.  This  seemingly  anomalous  situation 
is  clarified  by  noting  that  the  mass  flow  entering  the 
receiver  of  Fig.  3  is  the  same  as  the  exiting  mass  flow  from 
the  receiver.  There  is,  however,  entrainment  at  the  free 
boundary  with  the  consequence  that  the  ambient  fluid, 
which  has  previously  been  thermally  contaminated,  will  be 
present  for  relatively  large  x/w  values  at  the  outer  edge  (&,.) 
of  the  heated  portion  of  the  flow.  Since  unmixed  (i.e.,  jet 
core)  fluid  is  present  at  a  given  x/w  location  sufficiently 
near  the  nozzle,  the  elevated  ambient  temperature  effects 
are  not  present  near  (x/w£7)  the  nozzle  exit. 


y/82 


FIGURE  8:  The  rms  intensity  distribution  in  self¬ 
similar  coordinates  for  x/w >7. 


FIGURE  9a:  Streamwise  variations  of  the  scaling 
quantities.  Length  scale  distribution. 
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FIGURE  9b:  Streamwise  variations  of  the  scaling 
quantities.  Velocity  scale  distribution. 


FIGURE  10:  Mean  and  rms  fluctuation  intensity 
distributions  at  x/w=  13.34 


The  extent  of  the  thermal  field  is  represented  by  8T(x)  in 
Fig.  13.  As  shown,  this  width  measure  is  dependent  upon 
the  threshold  level  used  for  its  definition.  It  is  instructive 
to  note  that  each  of  the  8T(x)  distributions  indicate  an 
enhanced  growth  rate  at  the  locations  for  which  the  flow 
exhibits  self-preservation  of  the  velocity  field. 

As  shown  in  Fig.  12,  the  temperature  profiles  are 
dominated  by  the  strong  temperature  rise  near  the  wall.  The 
wall  heat  flux  per  unit  area,  q",  was  determined  from  the 
T(y)  measurements  in  the  near  wall  region.  Specifically,  as 
shown  in  Fig.  14,  a  linear  T(y)  distribution  was  observed  for 

the  measured  values  of  T  in  the  range  0. 1  SyS0.2  mm. 

The  extremely  small  distances  resulted  in  some 
uncertainty  of  the  probe  position  and  hence  the 
establishment  of  8T  /  dy)y=0  that  was  required  to  infer  q". 


FIGURE  1 1 :  Comparison  of  the  mean  velocity 
distribution  to  "standard"  boundary  layer 
distributions  at  x/w  =  13.34. 


FIGURE  12:  The  time  mean  temperature 
distributions  for  2.2<x/wSl3 

Confidence  in  the  current  estimates  was,  however, 
provided  by  using  the  measured  data  to  extrapolate  T(y)  to 
y=0.  Specifically,  using  the  inner  portion  of  Fig.  14,  the 
extrapolated  curve  is  used  to  predict  (T,)  the  surface 
temperature  as 

Ts  =  f(Sy)-^8y.  (7) 

dy 

In  this  expression,  8y  is  the  closest  point  to  the  wall  in  the 
measured  data  set. 

The  required  ( dT/dy )  value  was  readily  obtained  from  the 
direct  measurements.  A  dial  indicator  (precision=2.5pm) 
was  used  to  record  the  movements  of  the  7.6pm  sensor. 
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FIGURE  1 3:  Near  wall  temperature  distribution  at 
x/w=  13.34 


y/w 

Figure  14:  A  representative  T(y)  in  the  near  wall 
region,  x/w  =  9.35. 

The  more  difficult  task  was  to  assess  the  distance  to  the 
wall  (8y)  of  the  closest  measurement.  For  this,  a  0. 1  mm 
shim  stock  was  pressed  against  the  wall  while  the  probe 
was  brought  into  alignment  with  it.  A  binocular 
microscope  was  used  to  view  the  alignment. 

This  procedure  was  used  at  several  x  stations.  The 
agreement  between  the  measured  (shim  stock)  and  the 
estimated  (see  Fig.  (14))  positions  was  typical  of  the 
agreement  for  all  measurements.  The  maximum  variation 
in  these  two  estimates  of  5y  was  50pm. 

The  local  heat  transfer  coefficient  ( h )  and  the 
corresponding  Nusselt  No.  are 

h= 38.5  (watts/m2  °C) 
and 

N»- 28-5 


FIGURE  15:  Heat  transfer  coeficient  as  a  function 
of  downstream  distance. 


for  the  x/w=  13.34  location.  The  heat  transfer  coeficients 
for  other  x  locations  are  shown  in  Fig.  15. 

CONCLUSIONS 

The  velocity  field  in  this  slit  jet/wall  jet  configuration 
exhibits  the  expected  behaviors  of 

i)  an  acceleration  to  the  vena  contracta  (at  x/wwl  .7),  and 

ii)  the  development  of  a  self-preservation  region  (x/wZ.1). 
The  Nusselt  number,  for  the  present  case  of  an  isothermal 

surface,  was  nominally  25  for  the  downstream  (x/w&7) 
region.  Higher  values  were  observed  in  the  region  closer 
to  the  jet  exit  and  the  beginning  of  the  heated  region). 

The  present  data  can  serve  as  a  viable  test  case  for  CFD 
codes  which  seek  to  model  defroster  flows. 
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ABSTRACT 

In  this  paper,  a  new  non-eddy  viscosity  subgrid  scale 
model  for  large  eddy  simulations  is  introduced.  The  unfil¬ 
tered  velocity  (ut)  in  the  SGS  stress  tensor  (tv,  =  u,  u}  — 
Tii  Uj)  is  replaced  by  the  filtered  velocity  (u;)  whose  small 
scales  have  been  stimulated  in  a  prescribed  manner.  Sim¬ 
ulations  with  this  model  are  computationally  efficient;  the 
cost  is  approximately  the  same  as  for  the  Smagorinsky’s 
model.  This  model  does  not  require  an  assumption  of 
homogeneity,  permits  backscatter  of  energy  from  small  to 
large  scales,  and  is  readily  implemented  in  finite  difference 
codes,  even  in  complex  geometries.  We  examine  one  ver¬ 
sion  of  this  model  in  which  the  parameters  are  determined 
from  one  dimensional  approximations  of  unfiltered  quanti¬ 
ties  in  terms  of  filtered  ones  for  a  box  filter.  Results  of  ap¬ 
plying  the  proposed  model  to  a  second  order  finite  volume 
simulation  of  plane  channel  flow  at  low  and  high  Reynolds 
numbers  (Ret  =  3000, 38000)  are  given.  This  model  pro¬ 
vides  mean  dissipation  while  retaining  the  good  qualities 
of  Bardina’s  model.  It  predicts  both  mean  and  turbulence 
quantities  more  accurately  than  the  conventional  and  dy¬ 
namic  Smagorinsky  models. 

INTRODUCTION 

Smagorinsky’s  eddy  viscosity  model  is  the  most  widely 
used  subgrid  scale  (SGS)  model.  Its  success  is  attributed 
to  the  ability  of  eddy  viscosity  models  to  drain  energy  from 
the  large  scales,  thus  simulating  the  dissipative  nature  of 
turbulence.  However,  it  does  not  provide  adequate  rep¬ 
resentation  of  instantaneous  energy  transfer  between  the 
resolved  and  subgrid  scales.  Most  eddy  viscosity  models 
remove  energy  from  the  large  scales  at  every  instant  and 
cannot  represent  reverse  transfer  of  energy  from  subgrid 
to  resolved  scales  (backscatter).  Dynamic  eddy  viscosity 
models  allow  negative  eddy  viscosity  but  it  is  questionable 
whether  such  a  model  can  produce  realistic  backscatter. 
Another  shortcoming  of  such  models  is  that  they  may  lack 
consistency.  For  example,  Smagorinsky  model  does  not 
give  zero  SGS  stress  in  the  limit  of  zero  SGS  velocity. 

Primary  concerns  in  LES  of  complex  flows  are  the  robust¬ 
ness  of  the  SGS  model  and  ease  of  implementation.  The 


popularity  of  the  constant  coefficient  Smagorinsky  model 
attests  to  its  meeting  these  criteria.  Dynamic  versions  of 
Smagorinsky’s  model  are  more  difficult  to  implement  and 
require  special  procedures  to  avoid  instabilities  arising  from 
large  negative  eddy  viscosities.  In  the  following,  we  develop 
a  SGS  model  that  has  many  desirable  features.  We  believe 
it  is  also  is  more  natural  them  Smagorinsky’s  model. 


PROPOSED  MODEL 

The  basis  for  the  scale  similarity  model  of  Bardina  (1983) 
is  a  useful  guide  in  developing  this  model.  It  provides  a 
good  representation  of  instantaneous  energy  transfer  be¬ 
tween  the  large  and  small  scales  but  fails  to  provide  enough 
mean  dissipation.  Bardina’s  model  can  be  derived  by  sub¬ 
stituting  u,  ss  Hi  in  the  expression  for  the  exact  SGS  stress 
Tij  =  uTuJ—Ui  u>;  this  yields  a  Galilean  invariant  version 
of  this  model: 


Tij  =  Ui  Uj  —  Ui  u} 

The  mean  dissipation  is  small  because  forward  and  back¬ 
ward  energy  transfer  Eire  nearly  balanced. 

It  is  plausible  that  if  higher  order  terms  are  included  in 
the  approximation  for  it,  (instead  of  u;  «  1 1,),  this  model 
might  provide  sufficient  mean  dissipation,  yet  retain  the 
other  favorable  characteristics.  Thus,  the  following  form 
for  the  SGS  stress  is  proposed: 


where  ti*  is  defined  as  the  solution  of  a  partial  differential 
operator  using  the  filtered  velocity  ti,  as  a  source  term: 

C(ut)  =  ili  £  =  CxCyCz  (2) 

where  Cx  is  the  differential  operator: 

Cx=  (1  +  Cl  ^  +  &) 
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Cy  and  £,  are  of  similar  form.  The  filtering  operation 
is  defined  in  a  similar  manner: 

u*  =  V(uf)  V  =  VxVyVz  (3) 

where  V  is  similar  to  the  £  operator: 


where  A  =  (A j  +  A_,_i)/2  is  the  filter  width,  the  filtering 
operation  defined  by: 


«(*)  =  f 


G(x  —  x')  u(x')  dx' 


v*  =  (1  +  z?1  it  +  D2  &) 

The  operators  were  chosen  to  have  factored  form  rather 
than  a  simpler  three  dimensional  form  for  computational 
convenience.  Substituting  u*  and  u*  into  Eq.  (1)  gives  the 
modeled  SGS  stress.  Both  £  and  V  are  smoothing  opera¬ 
tors  (for  C2.D2  >  0 ).  The  coefficients  C\,Ci  and  Di,  £>2, 
which  are  the  parameters  of  this  model,  determine  the  ex¬ 
tent  to  which  the  small  scales  of  the  resolved  field  are  used 
in  the  SGS  model,  u*  is  obtained  by  sequential  inversion 
of  £„  Cy  and  Cz  in  Eq.  (2).  The  filtering  operation  ~  in 
Eq.  (3)  requires  an  explicit  application  of  V*,  Vy  and  V*  to 
u*.  If  the  coefficients  in  C  and  V  operators  are  identical 
then  V£-1  =  7,  i.e.  V  is  the  inverse  of  C~l .  In  such  a  case, 
Eq.  (3)  reduces  to  ti*  =  u; . 

The  proposed  model  is  “similar”  to  the  exact  SGS  stress. 
As  the  inversion  of  £  is  a  “defiltering”  operation,  u*  mim¬ 
ics  the  unfiltered  velocity.  The  relationship  between  u  and 
u  depends  on  the  filter  used,  here  the  filter  is  replaced  by 
C.  How  well  it  approximates  the  LES  filter  depends  on 
the  choice  of  parameters.  These  parameters  may  be  deter¬ 
mined  by  analogy  to  a  filter,  or  on  the  basis  of  physical 
or  numerical  considerations.  The  essence  of  the  model  is 
the  stimulation  of  small  scales  of  filtered  field  to  create  the 
SGS  stress.  It  is  hoped  that  with  a  proper  choice  of  coef¬ 
ficients,  it  will  be  possible  to  combine  the  best  features  of 
Bardina’s  model  (good  representation  of  energy  transfer) 
and  Smagorinsky’s  model  (net  dissipation). 


PARAMETER  DETERMINATION 
We  will  now  present  a  procedure  for  determining  the 
coefficients  in  the  C  and  V  operators.  To  understand  this 
procedure,  consider  the  expression  for  u*  in  one  dimension: 

+  +  ^  =  <4> 

This  is  a  local  Taylor  series  approximation  for  the  filtered 
quantity  in  terms  of  the  unfiltered  quantity.  For  the  non- 
symmetric  box  filter  shown  in  Fig.  (1)  (here  j  refers  to 
computational  node): 


ii 

G(x) 

A=(A  (-i+A  i)/2 
1/A 


- 1 - 1 - 1 - — - ft- 

-{A  J-i)  /  2  (A  |)  /  2  X 

Figure  1:  A  non-symmetric  box  filter. 
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(6) 


Thus,  u*  will  be  a  second  order  approximation  to  u  if  the 
coefficients  in  Eqs.  (4)  and  (6)  are  matched.  Extension 
to  three  dimensions  consists  of  sequential  application  of 
C  operators  in  each  direction,  however,  u*  will  no  longer 
be  a  second  order  approximation  u.  A  finite  difference 
approximation  to  the  operator  Cx  of  Eq.  (4)  can  be  written 
as: 


Uj  =  a  u*_! +b  u*  +  c  u*+ 1  (7) 

The  coefficients  C\  and  C2  and  the  derivatives  in  Eq.  (4) 
are  functions  of  the  filter  width  A  and  the  grid  size  h,  as 
are  a,  b  and  c.  Substituting  the  Taylor  series  expansion  for 
u*_i  and  u*+1  about  the  node  j  into  Eq.  (7),  we  obtain: 


=  (a  +  b  +  c)  U*  +  (chj  -  ahj-i ) 


du* 

dx 


dx 2 


+  0(chj  -  ahj_! ) 


(8) 


where  hj  =  xj+i  —x3.  Matching  the  coefficients  in  Eqs.  (6) 
and  (8),  we  obtain  three  simultaneous  equations  for  a,  b  and 
c,  solution  of  which  yield: 


hj(m2  —  3m)  +  hjhj~i(3m  —  m2)  +  h2_1m2 

12hj-i  ( hj  +  hj- 1 ) 

b  =  1  -  (a  +  c)  (9) 

h2 m2  -f  hjh}-i (3m  —  m2)  +  h 2_x  (m2  —  3m) 
C  _  12hj  (hj  -f  hj-i ) 


where  m  is  the  filter-grid  ratio  m  =  (Aj  +  A_,_i  )/(h:  + 
hj-i).  The  coefficients  are  determined  by  choosing  a  par¬ 
ticular  m  and  u*  is  obtained  by  inverting  Eq  (7).  This 
requires  boundary  conditions  for  u*,  which  are  chosen  to 
be  same  as  those  for  u  on  the  boundary.  Extension  to 
three  dimensions  involves  sequential  application  of  Eq.  (7) 
in  each  direction  and  inversion  of  a  sequence  of  tridiagonal 
systems. 


Table  1  shows  the  coefficients  (a,  6,  c)  for  the  finite  dif¬ 
ference  stencil  (Eq.  (7))  for  various  m  for  a  uniform  grid. 
Since  only  three  neighboring  grid  points  are  used,  the  max¬ 
imum  filter  width  should  be  2 h.  But  if  this  process  is  seen 
from  a  perspective  of  determining  coefficients  C\  and  C2 
in  Eq.  (4),  it  may  be  possible  to  use  larger  filter  width. 

Even  though  the  forms  of  C  and  V  are  identical,  the 
coefficients  in  the  C  and  V  operators  can  be  different.  Bar¬ 
dina’s  scale  similarity  model  is  a  special  case  of  this  model; 
for  C  —  l  and  the  ~  filter  corresponding  to  the  grid  filter. 
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(a,b,c) 

Filter-grid  ratio  m  =  y/12  (1  —  6) 

~(l,22,l)/24 

1 

U,6,l)/8 

\/3 

(l>4,l)/6 

2 

Reb 

Nx,  Ny,  Nz 

Ax+,  Az+ 

3000 

48,64,48 

25,28 

1,10 

38000 

64,80,80 

221,35 

1.5,150 

Table  2:  Simulation  parameters 


Table  1:  Coefficients  (a,  6,  c)  corresponding  to  various 
filter-grid  ratio  (m)  for  uniform  grid 


Bardina’s  model  may  be  viewed  as  a  zeroth  order  approx¬ 
imation  (u,  ss  Hi)  of  the  above  model. 

Even  though  the  Taylor  series  expansion  cannot  be  used 
for  Fourier  cutoff  filters,  the  model  equations  (for  C  and  V) 
are  still  valid.  The  fundamental  idea  is  the  construction  of 
the  SGS  stress  from  the  filtered  velocity  by  stimulating  the 
small  scales.  These  small  scales  i.e.  the  high  wavenumber 
region  of  LES  are  assumed  to  be  representative  of  the  SGS. 
Finally,  it  must  be  pointed  out  that  the  optimal  values  of 
coefficients  C\  and  C?  need  not  be  same  as  the  coefficients 
in  the  one  dimensional  expansion  Eq  (5).  Two  major  ap¬ 
proximations  have  been  made  to  the  filtering  operation; 
the  cross  derivative  terms  that  arise  in  three  dimensions 
and  the  higher  order  terms  were  ignored.  In  the  present 
work,  we  have  taken  the  value  of  Ci  and  C2  to  be  what 
one  gets  by  truncating  the  expansion  for  a  box  filter  in  one 
dimension  (Eq.  (5)). 


transform  (FFT)  procedure  solves  this  problem  efficiently. 
A  full  description  of  this  numerical  method  can  be  found 
in  Shah  and  Ferziger  (1997) 

COMPUTATIONAL  DOMAIN 

The  computational  domain  parameters  are  listed  in  ta¬ 
ble  2.  The  x,y,  and  2  axes  tire  in  the  streamwise,  wall- 
normal,  and  spanwise  directions,  respectively.  The  physi¬ 
cal  domain  sizes  in  these  directions  are  (2.0jt,  2.0,  7.0)  for 
the  low  /Ze  case  and  (2.5;r,  2.0,0.5jt)  for  the  high  Re  case. 
Simulations  were  carried  out  by  fixing  the  mass  flow  (or 
Reb).  Reb  =  3000  corresponds  to  ReT  ~  190  and  high 
Reb  =  38000  corresponds  to  Rer  w  1800.  For  the  high 
Re  case,  the  physical  domain  and  grid  sizes  are  similar  to 
those  of  Piomelli  (1993);  however,  since  our  Rer  ~  1800 
is  slightly  lower  than  Piomelli’s  value  (Rer  =  1995),  the 
domain  and  grid  sizes  in  wall  units  are  slightly  different. 
Reynolds  numbers  are  based  on  the  half  channel  height  S, 
bulk  velocity  Ub  for  Re b,  and  the  friction  velocity  uT  for 
ReT. 


NUMERICAL  IMPLEMENTATION 

The  procedure  for  computing  the  SGS  stress  consists  of 
the  following  three  steps: 

1.  Chose  a  filter-grid  ratio  (m)  for  each  direction.  This 
determines  the  coefficients  a,  b  and  c  in  Eq.(  9). 

2.  Compute  ti*  by  inverting  a  set  of  tridiagonal  systems 
(Eq.  (7))  in  each  direction  x,y  and  z.  Note  that  a 
staggered  formulation  is  used  in  the  computation  so 
u  needs  to  be  interpolated  to  the  center  of  the  control 
volume  before  computing  u*  which  is  defined  there. 
The  boundary  conditions  for  u*  are  same  as  for  tT. 

3.  Substitute  u*  into  Eq.  (1)  and  apply  the  filtering  (~) 
operator  V.  The  coefficients  a,  b  and  c  can  be  different 
from  those  of  £;  for  our  test  cases,  we  used  the  same 
coefficients. 

In  the  present  calculations,  the  SGS  and  convective 
terms  were  treated  explicitly.  Since  the  SGS  contribution 
can  be  significant,  the  time  step  has  to  be  reduced  to  re¬ 
spect  the  numerical  stability  limit. 

NUMERICAL  METHOD 

A  second  order  staggered  finite  volume  formulation  is 
used  to  discretize  the  Navier-Stokes  equations.  Uniform 
meshes  are  used  in  the  streamwise  and  the  spanwise  di¬ 
rections,  and  hyperbolic  tangent  stretching  (Thompson 
Warsi  1985)  is  used  in  the  wall-normal  direction.  A  frac¬ 
tional  step  method  is  used  to  decouple  the  pressure  from 
the  momentum  equation.  The  momentum  equations  are 
first  advanced  without  satisfying  continuity,  then  the  ve¬ 
locity  field  is  adjusted  to  satisfy  continuity.  The  time  ad¬ 
vancement  of  the  momentum  equation  is  semi-implicit  us¬ 
ing  third  order  Runge-Kutta  for  the  non-linear  (convec¬ 
tive)  terms  and  second  order  Crank-Nicolson  for  the  diffu¬ 
sive  (viscous)  terms.  Continuity  is  enforced  by  solving  a 
Poisson  equation  for  a  pressure-like  variable;  a  fast  Fourier 


RESULTS 

For  the  low  Re  case,  we  have  computed  channel  flow 
with  the  proposed  model,  the  Smagorinsky  model  with 
C 3  =  0.065  and  Van  Driest  wall  damping,  a  dynamic  model 
with  filtering  in  all  three  directions  find  coefficient  averag¬ 
ing  on  horizontal  planes  (a:  —  z),  and  no  model,  all  on  the 
same  mesh.  For  the  proposed  model,  the  coefficients  are 
based  on  m  =  1.0. 

Figure  2  shows  the  mean  velocity  profiles  in  wall  units. 
All  models  except  the  proposed  model  over-predict  U+  in 
the  logarithmic  region.  The  results  of  the  proposed  model 
agree  well  with  the  DNS  results  of  Kim  et  al.  (1987).  The 
dynamic  model  gives  the  worst  result,  an  over-prediction 
of  U+  due  to  under-prediction  of  the  skin  friction  velocity 
Ur  =  Wr/p.  The  turbulence  statistics  are  also  improved 
using  the  new  model.  For  details  see  Shah  and  Ferziger 
(1997). 

For  the  high  Re  case,  we  present  mean  and  turbulent 
quantities  for  four  cases:  no  model  (CDNSl),  Smagorin- 
sky’s  model  with  Van  Driest  wall  damping  (SMAG1),  the 
dynamic  Smagorinsky  model  with  filtering  in  the  homoge¬ 
neous  directions  (DSMAG1)  and  the  proposed  model  with 
m  =  2.0  (NEWM3). 

The  profiles  of  the  mean  velocity  normalized  by  skin  fric¬ 
tion  velocity  (uT)  is  shown  in  Figs.  3  and  4  along  with 
Piomelli’s  spectral  LES  data  and  the  log  law  u+  = 
(l/>c)logj/+  +  B  with  k  =  0.4  and  B  =  5.5.  The 
profiles  obtained  from  all  cases  have  bulges  in  the  region 
10  <  y+  <  200  and  the  slope  in  the  log  region  is  smaller 
than  1/k  =  2.5.  The  coarse  grid  DNS  gives  a  smaller  bulge 
but  there  is  no  improvement  in  the  log-slope.  The  mean  ve¬ 
locity  profile  produced  by  the  new  model  is  in  better  agree¬ 
ment  with  Piomelli’s  LES  and  the  log  law,  but  a  bulge  is 
still  present.  Interestingly,  the  new  model  profile  falls  be¬ 
low  the  log  law  for  300  <  y+  <  800,  in  contrast  to  other 
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Reb 

c,  -  cfean 

1  _  { - x  100 

JDean 

uc/ub 

Dean 

38000 

1.124 

i  m 

38000 

-5.77 

llMMJSii 

I  DSMAGl 

38000 

-8.31 

1.090 

E13M1 

MEIililiF 

1.110 

|  CDNSl 

38000 

+0.25 

1.094 

limn 

42598 

+1.75 

■Wlllill 

Table  3:  Comparison  of  the  skin  friction  and  centerline 
velocity  with  experimental  correlations  of  Dean  (1978) 


models  which  over-predict  the  mean  velocity  throughout 
the  channel.  Both  coarse  DNS  and  the  new  model  fall 
on  the  log  law  and  Piomelli’s  LES  for  j/+  >  1000.  Ta¬ 
ble  3  compares  the  skin  friction  coefficient  c/  =  tw/  j pUl 
and  the  ratio  of  centerline  velocity  (Uc)  to  bulk  velocity 
(Ub)  to  the  experimental  correlations  proposed  by  Dean 
(1978).  The  skin  friction  and  centerline  velocity  predicted 
by  the  new  model  and  the  coarse  DNS  are  within  2.5%  of 
Dean’s  correlation.  The  conventional  Smagoiinsky  and  dy¬ 
namic  models  under-predict  the  skin  friction  which  causes 
the  mean  velocity  to  be  too  large. 


Figure  5  shows  the  SGS  shear  stress  rf7as  for  various 
models;  the  new  model  produces  the  largest  SGS  stress  by 
far.  The  SGS  stress  accounts  for  28%  of  the  total  stress 
(jS  v  +  t?2gs)  in  the  new  model  as  opposed  to  2%  for  the 
Smagoiinsky  and  dynamic  models.  Far  from  the  walls, 
the  new  model  produces  a  significant  SGS  contribution.  It 
is  desirable  to  compare  the  total  fluctuations  but  for  the 
Smagoiinsky  models,  it  is  difficult  to  compute  the  SGS  con¬ 
tribution.  Bardina  (1983)  proposed  the  following  expres¬ 
sion  for  computing  the  total  turbulent  intensity  Q2  from 
the  turbulent  intensity  of  the  filtered  field  Q2  and  the  SGS 
dissipation  rate  tj: 


Q*  = 


Q) 


_Q) _ 

c(2A/e/)2/3 


(10) 


where  A/  is  the  filter  width  and  c  =  1.04.  Figure  6  shows 
the  total  turbulence  kinetic  energy  Q2  / 2  for  the  various 
models  in  wall  units;  Eq.  (10)  was  applied  to  all  models 
except  the  new  model.  From  Fig.  (6)  it  is  evident  that 
SGS  models  do  poorly  near  the  walls.  Figure  6  shows  Pi¬ 
omelli’s  filtered  fluctuation  since  it  is  in  good  agreement 
with  the  experiments,  but  it  too  will  deteriorate  near  the 
wall  if  the  SGS  contribution  is  included.  All  models  except 
the  new  model  over-predict  the  peak  by  almost  70%;  the 
new  model  does  better  but  still  over-predicts  it  by  20%. 


Figure  7  shows_the  mean  SGS  dissipation  rate 
<  esGS  >=<  TijSij  >  near  the  wall  normalized  by  Ub  in¬ 
stead  of  uT  which  is  different  for  each  model.  The  dynamic 
model  has  the  smallest  peak  and  the  smallest  overall  SGS 
dissipation  rate.  For  fully  developed  channel  flow  the  to¬ 
ted  dissipation  rate  (viscous+SGS)  is  proportional  to  the 
pressure  drop.  Since  the  dynamic  model  has  the  lowest 
skin  friction,  the  toted  dissipation  is  also  the  smallest.  In 
the  Smagoiinsky  and  dynamic  models,  energy  piles  up  in 
the  large  scales  because  the  SGS  stress  is  unable  to  drain 
enough  energy  from  the  large  scales.  As  a  result,  the  skin 
friction  is  under-predicted. 


and  beyond.  In  the  region  close  to  the  wall,  y+  =  2, 
the  dissipation  rate  is  mostly  negative.  Away  from  the 
walls,  large  backscatter  usually  follows  large  forward  scat¬ 
ter.  The  backscatter  in  the  new  model  is  tin  integral  part 
of  the  model  and  is  not  modeled  separately  as  in  stochastic 
backscatter  models.  Backscatter  is  approximately  50%  of 
the  net  SGS  dissipation  and  40%  of  the  volume  exhibits 
backscatter. 


CONCLUSION 

A  new  non-eddy  viscosity  model,  the  stimulated  small 
scale  (S3)  SGS  model,  has  been  presented.  The  SGS  stress 
is  constructed  by  exciting  the  high  wavenumbers  of  the 
filtered  field.  Its  utility  was  demonstrated  for  plane  chan¬ 
nel  flow  for  both  low  and  high  Reynolds  number.  The 
model  provides  a  good  representation  of  the  SGS  dissipa¬ 
tion  and  predicts  total  stresses  more  accurately,  especially 
at  high  Reynolds  numbers.  The  skin  friction  and  center- 
line  velocity  are  predicted  accurately.  At  both  low  and  high 
Reynolds  numbers,  the  Smagorinsky  and  dynamic  models 
produce  lower  net  dissipation  than  the  new  model  leading 
to  under-prediction  of  skin  friction.  Overall,  the  dynamic 
model  gives  the  worst  results. 

The  only  parameter  in  the  proposed  model  is  the  filter- 
grid  ratio  m.  With  m  =  0,  we  have  coarse  DNS.  If  three 
neighboring  points  in  each  direction  are  employed  to  con¬ 
struct  the  filter,  the  maximum  filter  width  is  2 h.  On  the 
other  hand,  the  grid  cannot  resolve  wavelength  smaller 
than  2 h,  so  the  filter  width  cannot  be  smaller  them  2h.  So 
m  =  2.0  seems  to  be  ideal.  These  arguments  are  based  on 
an  analogy  to  filtering,  but  as  mentioned  earlier,  it  is  pos¬ 
sible  to  use  other  values  of  m.  In  fact,  m  =  2  may  provide 
excess  dissipation.  As  with  any  SGS  model  that  uses  small 
scale  information  to  model  the  subgrid  scales,  this  model  is 
sensitive  to  the  spectrum  at  high  wavenumbers.  When  the 
resolution  is  marginal,  the  high  wavenumbers  are  poorly 
predicted.  For  the  high  Re  case,  m  =  2.0  gives  excess  dis¬ 
sipation.  When  a  pre-filter  is  applied  to  filtered  velocity 
just  before  SGS  stress  is  computed,  the  SGS  dissipation  is 
reduced.  Thus  it  may  be  better  to  use  pre-filtering  or  a 
smaller  m. 

In  the  current  simulations  same  m  was  used  in  all  three 
directions  and  in  defining  the  C  and  V  operations.  Increas¬ 
ing  m  corresponds  to  a  larger  filter  width  so  the  subgrid 
scales  are  more  energetic.  The  SGS  dissipation  is  reduced 
considerably  if  the  filter-grid  ratio  in  the  definitions  of  the 
£  and  V  operations  do  not  match.  This  is  the  case  for 
Bardina’s  scale  similarity  model,  for  which  £  corresponds 
to  m  =  0  and  V  corresponds  to  the  grid  filter. 

The  new  model  is  efficient  and  easy  to  implement.  In  the 
present  implementation,  the  new  model  takes  7%  (same  as 
Smagorinsky)  more  CPU  time  than  coarse  DNS,  whereas 
the  dynamic  model  takes  30%  more  CPU  time  than  coarse 
grid  DNS,  on  a  CRAY  C90. 

More  details  on  the  model  and  further  test  cases  are  given 
in  Shah  and  Ferziger  (1997). 
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Figures  8  and  9  show  time  series  of  SGS  dissipation  rate 
at  x  =  1.2571,  z  —  0.2571  and  y+  =  2  and  12.  Signif¬ 
icant  backscatter  of  energy  is  seen  in  the  buffer  region 
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Figure  2:  Mean  velocity  profiles  at  Reb  =  3000. 

.  log  law;  — e —  Smagorinsky  (SMAG1);  -+  - 

dynamic  (DSMAG1);  — * —  no  model  (CDNS1); 
— « —  proposed  model  (NEWM1);  a  DNS  of  Kim 
etal.  (1987). 
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Figure  3:  Mean  velocity  profiles  at  Reb  =  38000. 

.  log  law;  — a —  Smagorinsky  (SMAGl);  -+  - 

dynamic  (DSMAG1);  — * —  no  model  (CDNS1); 

a  spectral  LES  of  Piomelli  (1993). 


Figure  4:  Mean  velocity  profiles  at  Reb  =  38000. 
. log  law;  — * —  no  model  (CDNS1);  — « —  pro¬ 
posed  model;  a  spectral  LES  of  Piomelli  (1993). 


16-5 


Figure  5:  SGS  shear  stress  at  Ret,  =  38000. 
— b—  Smagorinsky  (SMAG1);  -+  -  dynamic 
(DSMAG1);  proposed  model  (NEWM3); 

a  spectral  LES  of  Piomelli  (1993). 


Figure  8:  Time  series  of  SGS  dissipation  rate  at 
Reb  =  38000  for  the  proposed  model  (NEWM3)  at 
x  =  1.2577,  z  =  0.257T  and  y+  =  2.3.  Positive  values 
signify  backseat  ter. 


Figure  6:  Total  (resolved+SGS)  turbulent  kinetic  en¬ 
ergy  (TKE)  at  Reb  =  38000.  —a —  Smagorinsky 
(SMAG1);  -+  -  dynamic  (DSMAG1);  — * —  no 
model  (CDNS1);  — « —  proposed  model  (NEWM3); 
A  resolved  TKE  of  Piomelli  (1993). 


Figure  9:  Time  series  of  SGS  dissipation  rate  at 
Reb  =  38000  for  the  proposed  model  (NEWM3)  at 
x  =  1.2577,  z  =  0.2577  and  y+  =  12.0.  Positive  values 
signify  backscatter. 


Figure  7:  SGS  dissipation  rate  at  Reb  =  38000 
in  global  units.  — e —  Smagorinsky  (SMAG1); 
-+  -  dynamic  (DSMAG1);  — « —  proposed  model 
(NEWM3). 
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Abstract 

A  general  procedure  for  modeling  the  SGS  stress  tensor 
in  large-eddy  simulation  of  turbulent  flows  is  presented. 
This  procedure  is  based  on  the  decomposition  of  the  SGS 
stress  tensor  into  the  modified  Leonard,  modified  cross 
and  modified  SGS  Reynolds  stress  terms.  Each  term  in 
the  decomposition  is  assumed  to  be  proportional  to  a  new 
model  term,  the  form  of  which  is  comparable  to  the  gener¬ 
alized  central  moments  reported  by  M.  Germano  [J.  Fluid 
Mech.  238,  325  (1992)].  Using  a  linear  combination  of 
this  new  model  with  the  Smagorinsky  model,  the  derived 
model  contains  multi  model  parameters,  which  are  com¬ 
puted  dynamically.  Previous  dynamic  models  are  derived 
as  a  subset  of  the  proposed  model.  Two  formulations  for 
the  test-filtered  SGS  stress  reported  by  Zang  et  al.  [Phys. 
Fluids  A  5,  3186  (1993)]  and  Vreman  et  al.  [Phys.  Flu¬ 
ids  6,  4057  (1994)]  are  compared,  and  the  compatibility 
of  the  SGS  models  with  the  standard  dynamic  SGS  model 
procedure  is  discussed.  It  can  be  inferred  that  the  SGS 
models  represented  in  a  form  comparable  to  the  general¬ 
ized  scale-similarity  model  with  the  test-filtered  stresses 
approximated  using  the  formulation  by  Zang  et  al.  gen¬ 
erally  yield  accurate  estimates  of  the  model  parameter. 
The  proposed  model  is  assessed  for  incompressible  channel 
and  mixing  layer  flows,  in  comparison  with  the  dynamic 
Smagorinsky  model  of  Germano  et  al.  [Phys.  Fluids  A 
3,  1760  (1991)],  the  dynamic  mixed  model  of  Zang  et  al. 
and  the  dynamic  two-parameter  mixed  model  of  Salvetti 
and  Banerjee  [Phys.  Fluids  7,  2831  (1995)].  In  the  ‘a  pri¬ 
ori’  test,  the  proposed  model  gave  the  closest  agreement 
with  the  modified  cross  term  as  well  as  the  modified  SGS 
Reynolds  stress  term.  The  results  in  the  ‘a  posteriori’  tests 
were  consistent  with  those  of  the  ‘a  priori’  tests. 

The  proposed  procedure  is  applied  to  the  modeling  of  the 
SGS  passive  scalar  flux.  Assessment  of  the  derived  model 
is  carried  out  in  the  scalar  transport  inside  the  channel. 

INTRODUCTION 

Large-eddy  simulation  (LES)  is  a  turbulence  simulation 
method  in  which  the  large-scale  (grid-scale)  field  is  di¬ 
rectly  calculated,  while  the  small-scale  (subgrid-scale  or 
SGS)  field  is  modeled.  The  velocity  and  pressure  fields  are 


decomposed  into  grid  scale  and  SGS  components  using  a 
filtering  procedure. 

A  decomposition  of  the  SGS  stress  tensor,  Ty,  which 
results  from  filtering  the  Navier-Stokes  equations,  consists 
of  three  terms:  [l,  2] 

t -ij  ^LiT  +  CtT  +  RiT,  (i) 

where 

-Ly  =  Uitlj  Ui  Uj, 

CtJm  =  UiU'j  +  u\uj  -  (Ui  Uj  4-  u]  %), 

Ri 7  =  -ujuj, 

where  it;  denotes  the  grid-scale  velocity  component  of  it; 
and  it]  =  it;  —  it;  denotes  the  SGS  component  of  it;.  Ly* 
is  the  modified  Leonard  term,  C™  is  the  modified  cross 
term,  and  J2y*  is  the  modified  SGS  Reynolds  stress.  The 
indices  i  =  1,2,3  correspond  to  the  directions  x,  y,  and  z, 
respectively,  where  x  is  the  streamwise  direction,  y  is  the 
wall-normal  or  cross-stream  direction,  and  z  is  the  spanwise 
direction.  In  the  present  study  we  consider  fields  which 
are  homogeneous  in  two  directions  (x  and  z).  In  the  fol¬ 
lowing,  (())  denotes  the  average  in  the  x  —  z  plane.  In 
the  present  study,  we  adopted  the  Gaussian  filter  because 
scale-similarity  models  are  used  to  approximate  the  SGS 
stress  tensors. 

In  the  present  work,  we  have  primarily  focused  on  as¬ 
sessing  the  model  in  homogeneous  flow  fields.  No  filter 
was  applied  in  the  inhomogeneous  direction,  but  the  same 
numerical  discretization  method  was  used  in  the  y  direc¬ 
tion  both  in  the  direct  numerical  simulation  (DNS)  data 
generation  and  in  assessing  the  LES  models. 

GENERALIZED  SIMILARITY  MODEL 

The  basic  principle  which  we  adopted  in  the  present 
study  is  to  represent  and  model  the  SGS  central  moments 
in  a  form  comparable  to  the  generalized  central  moment,  [3] 
because  it  was  shown  that  the  structure  of  the  constitutive 
equations  for  the  SGS  central  moments  is  invariant  to  the 
particular  averaging  operation  (averaging  invariance)  when 
the  moments  are  represented  in  this  form.  This  property 
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is  particularly  important  when  the  multilevel  filtering  op¬ 
eration  is  applied  to  the  SGS  central  moments,  as  is  done 
in  the  dynamic  SGS  model.  We  model  various  SGS  cen¬ 
tral  moments  as  follows  (the  generalized  scale-similarity 
model): 

fg-lg^Cifg-Jf},  (2) 

where  C  denotes  the  model  parameter.  The  term  in  the 
right-hand  side  of  Eq.  (2)  is  comparable  to  the  generalized 
central  moment,  and  retains  the  Galilean  invariance. 

When  the  modified  cross  term  is  approximated  in  the 
form  of  the  generalized  scale-similarity  model,  it  becomes 

C{f  ~  Cc{ui  u'  4-  u[  Uj  -  (ui  u'j  +u[U])}=  (3) 

Cc[{ui  Uj  +Ui  uj  —  ( Ui  Tij  +Ui  Uj )}  —  2 (ui  Uj  —  Ui  Uj )] , 

where  Cc  denotes  a  model  parameter. 

Similarly,  the  Rff  term  is  approximated  as 

Rff  -  CR (W^j  ~^j)  =  CrL*,  (4) 


Lif  =  {ui  -  m)  ( Uj  -  Uj)  -  (ui  -  Ui)  (uj  -  Uj).  (5) 

where  Cr  is  a  parameter.  The  first  term  in  the  right-hand 
side  of  Eq.  (5)  is  equivalent  to  the  filtered-Bardina  model 
for  the  SGS  Reynolds  stress  in  the  classical  decomposition 
of  [5]  Eq.  (5)  can  be  rewritten  as 

Lff  =  Lff-  (6) 

{ui  Uj  +  Ui  Uj  —  (Hi  Uj  +  Ui  Uj  ) }  +  (Tii  Uj  —  Ui  Uj ) . 

Using  Eq.  (6),  Eq.  (3)  is  rewritten  as 

C,T  -  Cc[L,f  -  Lif],  (7) 


It  is  found  in  Eqs.  (4),  (6)  and  (7)  that  the  models  repre¬ 
sented  in  the  form  of  the  generalized  scale-similarity  model 
for  the  Off  term  and  the  Rff  term  are  not  mutually  inde¬ 
pendent,  thus,  a  general  model  for  the  SGS  stress  tensor  is 
obtained  as 

t^  ~  Lff  4-  CcLff  4  CgLff  * ,  (8) 

Here  /’■  indicates  /y  -  fkk,  and  Cr  =  Cr  -  CC- 

‘A  PRIORI’  TEST  OF  SGS  MODELS 

In  this  section,  we  directly  assess  the  SGS  models  us¬ 
ing  the  DNS  databases  for  channel  and  mixing  layer  flows. 
The  SGS  stresses  computed  by  filtering  the  DNS  data  are 
compared  with  those  calculated  using  the  SGS  models. 

The  wall-bounded  turbulence  DNS  data  that  we  used 
were  for  fully  developed  incompressible  channel  flow  with 
Rer  (Reynolds  number  based  on  the  wall-friction  velocity, 
uT,  and  the  half-channel  height,  S)  =180  with  128,  129 
and  128  grid  points,  respectively,  in  the  x,  y  and  z  direc¬ 
tions.  [4,  5] 

For  free  shear  turbulence,  we  have  chosen  incompressible 
mixing  layer  flow  that  develops  in  time,  and  generated  DNS 
data  with  192,  128  and  128  grid  points,  respectively,  in  the 
x,  y  and  z  directions.  [5]  The  Reynolds  number,  Res,  based 
on  the  mean  velocity  difference  between  the  two  edges  of 
the  mixing  layer,  A U,  and  the  initial  momentum  thickness 
was  set  equal  to  200. 

The  channel  flow  field  was  filtered  to  32  x  129  x  32  in  the 
x,  y  and  z  directions,  respectively.  The  mixing  layer  flow 
field  was  filtered  to  48  x  128  x  32  grid  points,  respectively, 
in  the  x,  y  and  z  directions. 


Channel 

Mixing  layer 

(hi) 

T  G 

T 

LH 

r  R 
LU 

T  V 

T  rn 

LU  ..... 

r  » 

(i,i) 

0.88 

0.82 

0.94 

0.90 

0.79 

0.92 

(1,2) 

0.88 

0.80 

0.94 

0.91 

0.75 

0.90 

(2,2) 

0.89 

0.85 

0.95 

0.90 

0.82 

0.93 

(3,3) 

0.87 

0.82 

0.94 

0.89 

0.79 

0.93 

Table  1:  Correlation  coefficients  between  the  exact  Cff 
term  and  the  Lff ,  Lff  and  Lff  terms. 


Channel 

Mixing  layer 

(*,  i) 

T  <f 

T  m 

... 

T  H 

T  C 

r  m 

...  Pii 

Lif 

"TmT 

0.67 

0.59 

0.84 

0.71 

0.60 

0.88 

(1,2) 

0.58 

0.41 

0.71 

0.59 

0.42 

0.83 

(2,2) 

0.68 

0.62 

0.82 

0.75 

0.63 

0.91 

(3,3) 

0.62 

0.54 

0.82 

0.66 

0.52 

0.88 

Table  2:  Correlation  coefficients  between  the  exact  Rff 
term  and  the  Lff ,  Lff  and  Lif  terms. 

In  order  to  examine  the  accuracy  of  the  Lif,  Lff  and 
Lif  terms  for  approximating  the  Cff  term,  the  exact  val¬ 
ues  of  the  Cff  term  obtained  from  the  DNS  data  are  com¬ 
pared  with  the  model  term  values  estimated  using  the  ex¬ 
act  filtered  velocity  field  obtained  from  the  DNS  data.  The 
(volume-averaged)  correlation  coefficients  between  compo¬ 
nents  of  the  C if1  term  and  the  corresponding  components 
of  the  model  terms  are  shown  in  Table  I.  The  correlation 
coefficients  of  the  Lff  term  are  higher  than  those  of  the 
L ff  term,  but  those  of  the  Ltf  term  are  still  higher  than 
those  of  the  Lff  term. 

We  examined  the  correlation  coefficients  between  the 
R ff  term  and  the  L{f  term  in  Table  II.  For  comparison, 
the  correlation  coefficients  between  the  R  ff  term  with  the 
Lff  and  terms  are  shown. 

It  can  be  seen  in  Table  II  that  the  correlation  coeffi¬ 
cients  between  the  Rff  term  and  the  Ltf  term  are  high 
for  both  channel  and  mixing  layer  flows,  [5]  whereas  the 
correlation  coefficients  between  the  Rif  term  and  the  Lif 
term  are  low,  although  the  correlation  of  the  Lff  term 
shows  improvement  compared  with  that  of  the  Lff  term. 
We  consider  that  this  result  is  obtained  because  the  Lff 
term  contains  no  information  regarding  the  transfer  field 
-u'.  [l]  The  present  results  indicate  that  the  Lff  term  is  an 
accurate  model  for  both  the  modified  cross  term  and  the 
modified  SGS  Reynolds  stress.  Therefore,  the  Lff  term  is 
a  more  general  approximation  for  the  SGS  stress  tensor. 

In  fact,  a  Taylor  expansion  of  the  SGS  stress  terms  [6] 
shows  that  the  modified  cross  term  and  the  modified  SGS 
Reynolds  stress  include  terms  with  higher-order  derivatives 
of  grid-scale  velocity  components.  It  was  shown  that  these 
higher-order  terms  are  better  represented  by  the  Lif  term 
than  by  the  Lff  term.  [7] 

Although  some  improvements  were  found  in  the  corre¬ 
lation  coefficients,  the  performance  of  the  Lff  term  was 
not  so  impressive  as  that  of  the  Lff  term.  In  addition, 
a  significant  increase  of  CPU  time  is  required  to  compute 
the  second  term  in  the  Lff  term.  In  the  present  study,  we 
ignore  this  second  term  for  practicability. 

Using  a  linear  combination  with  the  Smagorinsky 
model,  [8]  we  propose  the  dynamic  three-parameter  mixed 
model  as 

r*.  ~  CLLff  *  4  CBLif  *  -  2CsA2\S\Sij .  (9) 
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Figure  1:  ^-distributions  of  the  plane-averaged  and  rms 
values  of  Cb  and  the  plane-averaged  value  of  Cl  obtained 
using  the  formulation  by  Zang  et  al. 

where  CL  =  1+Cc,and  Sy  =  £  (f|  +  g)  ■ 

The  drawback  of  this  model  is  that  when  the  three  pa¬ 
rameters  in  the  model  are  determined  using  the  dynamic 
procedure,  a  considerable  increase  of  CPU  time  as  well 
as  memory  size  is  still  required.  In  the  present  study, 
we  have  confined  our  analysis  to  one-  or  two-parameter 
mixed  models,  which  are  obtained  as  a  subset  of  this  three- 
parameter  model:  the  dynamic  Smagorinsky  model  [9 
(DSM,  Cl  =  Cb  =  0),  the  dynamic  mixed  model  [10 
(DMM,  Cl  —  1,  Cb  =  0),  the  dynamic  two-parameter 
Cl  -  Cs  mixed  model  [11]  (DTM  (Cl  -  Cs ),  Cb  =  0), 
and  the  following  dynamic  two-parameter  Cb  —  Cs  mixed 
model  (DTM  ( CB  -  Cs),  CL  =  1): 

Tij  -  Li”1  *  +  Cb Lif  *  -  2Cs  A2 \S\Si} .  (10) 


Dynamic  model  procedure 

In  the  present  study,  two  parameters  included  in  the 
models  are  determined  using  the  same  dynamic  proce¬ 
dure  [9]  combined  with  the  least  squares  method.  [12] 

In  the  dynamic  procedure,  the  test-filtered  field  Tij 
(=  UiUj  —uiUj)  should  be  properly  determined,  where  the 
tildes  ([])  denote  the  ‘test’  filter,  the  width  A  of  which 

was  chosen  as  A  =  2A.  [9]  In  SB,  the  formulation  pro¬ 
posed  by  Zang  et  al.  [10]  was  adopted.  This  formulation 
may  violate  similarity  in  the  stresses  at  the  grid-filtered 
and  test-filtered  levels.  An  alternative  formulation  which 
is  mathematically  more  consistent  with  the  essence  of  the 
dynamic  models  is  that  proposed  by  Vreman  et  al.  [13]  In 
this  section,  we  compare  these  two  formulations  using  the 
DNS  data. 

The  y-distribution  of  the  plane-averaged  values  of  Cb 
and  Cl,  and  the  rms  values  of  Cb  obtained  in  the  channel 
flow  using  the  formulation  of  Zang  et  al.  are  shown  in 
Fig.  1.  The  Cb  value  was  obtained  using  the  Cb  —  Cs 
model,  whereas  the  Cl  value  was  obtained  using  the  Cl  — 
Cs  model.  The  average  Cb  value  is  positive  throughout 
the  channel,  while  the  rms  value  is  much  smaller  than  the 
average  value,  indicating  that  the  Cb  values  obtained  using 
the  dynamic  procedure  are  mostly  positive,  which  is  in 
good  agreement  with  the  estimate  of  the  exact  values.  An 
average  value  of  Cb  a  14.5  is  close  to  the  optimized  values 
obtained  for  the  exact  DNS  data.  <  Cl  >  is  approximately 
1.4  throughout  the  channel,  which  is  in  good  agreement 
with  the  results  reported  by  SB.  The  same  positive  Cb 
was  found  in  the  mixing  layer. 

Figure  2  shows  the  profiles  of  Cb  obtained  using  Vreman 
et  al.’s  formulation  in  the  channel  flow.  As  shown  in  Fig. 


y/S 

Figure  2:  ^-distributions  of  the  plane-averaged  and  rms 
values  of  Cb  obtained  in  channel  flow  using  the  formulation 
of  Vreman  et  al. 


1,  the  average  Cb  value  is  positive,  but  its  rms  value  is 
more  than  twice  as  large  as  the  average  value  near  the  wall, 
indicating  a  considerable  occurrence  of  negative  Cb  values. 
The  rms  values  obtained  from  the  DNS  exact  data  were  in 
the  range  between  30  %  to  70  %  of  the  average  values.  In 
Vreman  et  al.’s  formulation,  it  was  found  that  the  sign  of 
Cb  was  very  sensitive  to  the  Reynolds  numbers  and  grid 
resolutions.  In  fact,  in  the  ‘a  posteriori’  test  in  a  channel 
flow  LES  at  a  higher  Reynolds  number  with  a  coarse  grid 
resolution,  the  predicted  sign  of  Cb  was  negative  even  on 
average  with  a  very  large  variance,  when  Vreman  et  al.’s 
formulation  was  used. 

In  the  dynamic  procedure,  the  coefficients  are  deter¬ 
mined  by  extrapolating  the  information  in  the  smallest 
grid  scale  into  SGS.  In  Vreman  et  al.’s  formulation,  the 
data  contained  in  the  range  between  grid-filtered  and  test- 
filtered  fields  are  not  rigorously  used  because  the  decompo¬ 
sition  of  the  velocity,  u,  =  u,  +u",  is  inserted  into  the  SGS 
stress  tensor.  This  formulation  is  mathematically  more 
consistent  with  the  dynamic  procedure,  particularly  when 
the  test-filtered  field  is  calculated  by  reducing  the  number 
of  grid  points  to  that  corresponding  to  the  characteristic 
grid  interval  associated  with  the  test-filter.  This  reduction 
of  grid  points  is  not  carried  out  in  the  conventional  compu¬ 
tations  using  the  dynamic  procedure,  except  for  the  case 
in  which  the  Fourier  cutoff  filter  is  used.  When  the  Gaus¬ 
sian  or  top-hat  filter  is  used,  we  consider  it  more  advan¬ 
tageous  to  utilize  the  information  contained  between  the 
grid-filtered  and  test-filtered  fields,  which  are  actually  re¬ 
solved,  to  make  the  extrapolation  into  SGS  more  accurate. 
This  is  achieved  in  Zang  et  al.’s  formulation  by  decompos¬ 
ing  Ui  into  Ui  —  ui  +  u'i. 

When  Zang  et  al.’s  formulation  was  used,  the  results 
consistently  yielded  a  correct  prediction  of  positive  Cb  in 
all  tested  cases.  It  can  be  inferred  that  the  SGS  mod¬ 
els  represented  in  a  form  comparable  to  the  generalized 
scale-similarity  model  with  the  test-filtered  stresses  ap¬ 
proximated  using  the  formulation  by  Zang  et  al.  generally 
yield  accurate  estimates  of  the  model  parameter  inasmuch 
as  the  desired  sign  of  the  estimated  parameter  is  positive. 

Based  on  these  observations,  we  adopted  the  formulation 
by  Zang  et  al.  [10]  to  define  the  test-filtered  SGS  stress 
tensor. 

Assessment  of  dynamic  mixed  models 

In  this  section,  we  compare  the  SGS  stresses  computed 
by  filtering  the  DNS  data  with  those  calculated  using  the 
DSM,  the  DMM,  the  DTM(CL  -Cs),  and  the  DTM(Cb  - 
CS). 

In  the  ‘a  posteriori’  assessment  of  the  models,  which  is 
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Figure  3:  y-profiles  of  the  plane-averaged  total  shear  stress 
for  channel  flow,  obtained  from  exact  DNS  data  and  using 
the  DSM,  the  DMM,  the  Cl  —  Cs ,  Cc  —  Cs  and  Cb  —  Cs 
models,  x  denotes  the  result  obtained  using  the  Cb  —  Cs 
model  with  Vreman  et  al.'s  formulation. 


described  in  the  following  section,  it  was  found  that  care 
should  be  taken  for  the  treatment  of  negative  Cs  value.  To 
observe,  a  priori,  the  effect  of  the  parameter  treatment  in 
the  models,  an  identical  treatment  to  that  used  in  the  ‘a 
posteriori’  test  was  adopted  in  the  present  section. 

For  the  DSM  and  the  DMM,  Cs  was  averaged  over  the 
x  —  z  plane  for  channel  and  mixing  layer  flows. 

For  the  Cl  —  Cs  model,  for  the  channel  flow,  both  Cl 
and  Cs  were  averaged  over  the  x  —  z  plane.  For  the  mixing 
layer,  both  Cl  and  Cs  were  computed  locally,  and  clipping 
was  carried  out  locally  for  Cs- 
For  the  Cb  —  Cs  model,  for  both  channel  and  mixing 
layer  flows,  the  parameters  Cb  and  Cs  were  computed  lo¬ 
cally,  and  clipping  was  carried  out  locally  for  Cs- 
In  Fig.  3,  the  exact  DNS  total  shear  stress,  i.e.,  a  sum¬ 
mation  of  the  grid-scale  shear  stress  (uiU-2),  the  SGS  terms 
(t12)  and  the  viscous  stress, 


<  Ui  U-2  >  +  <  TU  >  — 


1  1 9  <  m  > 
Re  dx-z  ’ 


(11) 


is  shown  with  the  values  obtained  using  the  different  mod¬ 
els  for  channel  flow  (/"  denotes  /—  <  /  >).  Note  that 
because  the  number  of  grid  points  is  reduced  in  order  to 
obtain  the  LES  data  from  the  DNS  data,  the  exact  value 
deviates  from  the  mean  pressure  gradient  which  is  imposed 
in  the  flow  and  is  indicated  by  a  heavy  dashed  line  in  the 
figure.  The  best  agreement  with  the  exact  value  is  obtained 
using  the  Cb—Cs  model.  As  reported  by  SB,  in  spite  of  its 
many  desirable  features,  the  value  obtained  using  the  DSM 
has  poor  agreement  with  the  exact  DNS  value  compared  to 
the  values  obtained  using  other  models.  The  DMM,  which 
accounts  for  the  modified  Leonard  term,  gave  better  results 
than  the  DSM,  and  the  Cl—Cs  model,  which  more  closely 
accounts  for  the  modified  cross  term  than  the  DMM,  shows 
much  better  correspondence  to  the  exact  value.  Because 
the  Lif  term  more  closely  accounts  for  both  the  modified 
cross  term  and  the  modified  SGS  Reynolds  stress  tensor 
than  the  L™  term,  the  results  obtained  using  the  Cb  —  Cs 
model  gave  the  best  agreement  with  the  exact  values. 

For  the  actual  LES  values  computed  using  these  models 
to  reach  equilibrium,  the  grid-scale  component  had  to  in¬ 
crease  to  compensate  for  the  deviation  from  the  exact  DNS 
data.  The  subsequent  effect  resulting  from  this  imbalance 
is  observed  below. 

In  Fig.  3,  we  include  the  result  obtained  using  the  Cc  — 
Cs  model  in  which  the  L,f  term  was  used  in  place  of  the 
L™  term  in  the  Cl  —  Cs  model.  In  good  accordance  with 
the  observation  that  the  Lff  term  has  higher  correlation 


Figure  4:  y-profiles  of  the  decomposition  of  the  plane- 
averaged  T12  component  of  the  SGS  tensor  obtained  using 
the  Cb  —  Cs  model. 


with  the  C™  and  R™  terms,  the  Cc  —  Cs  model  yields 
better  results  than  those  obtained  using  the  Cl—Cs  model, 
but  the  Cb  —  Cs  model  still  yields  better  results. 

For  comparison,  we  include  the  result  obtained  using  the 
Cb  —  Cs  model  with  Vreman  et  ah’s  formulation,  which 
overestimates  the  exact  DNS  data. 

Figures  4  shows  the  components  of  the  plane-averaged 
ri2  term  obtained  using  the  Cb  —  Cs  model  from  the  chan¬ 
nel  flow.  The  contribution  of  the  Smagorinsky  model  term 
was  largest  in  the  DSM.  It  was  smaller  in  the  DMM,  and 
much  smaller  in  the  Cl  —  Cs  model,  as  shown  by  SB  (Fig¬ 
ure  not  shown).  In  the  Cb  —  Cs  model,  the  Smagorinsky 
model  contribution  is  negligible,  but  the  contribution  of 
the  Lif  term  is  comparable  to  that  of  the  L™  term.  Simi¬ 
lar  results  were  obtained  for  the  mixing  layer  flow  (Figure 
not  shown). 

‘A  POSTERIORI’  TEST  OF  SGS  MODELS 

In  this  section,  we  show  the  'a  posteriori’  test  results  for 
the  channel  flow.  We  have  compared  four  models,  namely 
the  DSM,  the  DMM,  the  Cl  —  Cs  model  and  the  Cb  —  Cs 
model. 

As  stated  in  the  ‘a  priori’  test,  the  model  parameters 
were  averaged  or  clipped  in  order  to  avoid  negative  values 
of  Cs- 

Rer  was  set  at  a  Reynolds  number  of  640  which  is  larger 
than  that  in  the  ‘a  priori’  test  to  establish  the  validity  of 
the  models.  The  grid  resolution  was  32  x  62  x  32,  respec¬ 
tively,  in  the  x,  y  and  c  directions.  The  computed  results 
are  compared  with  the  DNS  data  for  fully  developed  in¬ 
compressible  channel  flow  with  Rer  —  590  generated  with 
384,  257  and  384  grid  points,  respectively,  in  the  x,  y  and  c 
directions.  [14]  This  flow  field  was  filtered  to  64  x  257  x  64 
in  the  x,  y  and  z  directions. 

Figure  5  shows  a  comparison  of  the  mean  velocity  pro¬ 
files  obtained  using  the  different  models.  The  intercepts 
of  the  logarithmic  law  profile  (constant  B)  for  the  DSM 
(«  11.5)  and  the  DMM  («  8.0)  are  much  larger  than  that 
determined  from  DNS  data  and  the  experimentally  deter¬ 
mined  value  of  5.0.  [15]  This  overestimate  of  B  is  much 
lower  for  the  Cl  —  Cs  and  Cb  —  Cs  models,  although  the 
result  obtained  using  the  Cl  —  Cs  model  is  slightly  larger 
in  the  region  of  50  <  y+  <  200.  The  result  obtained  us¬ 
ing  the  Cb  —  Cs  model  shows  the  best  agreement  with  the 
DNS  data. 

Deviation  of  the  results  obtained  using  the  Cl  —  Cs 
and  Cb  —  Cs  models  from  the  logarithmic  law  profile  in 
the  central  region  of  the  channel  is  observed.  We  note, 
however,  that  the  experimental  results  obtained  for  the 
same  Reynolds  number  [15]  and  the  DNS  data  for  a  sim- 
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Figure  5:  Mean  stream  wise  velocity  profiles  obtained  from 
the  DNS  and  LES  results  for  channel  flow. 


ilar  Reynolds  number  show  a  similar  deviation,  although 
it  is  more  pronounced  in  the  present  results.  Talcing  into 
account  the  small  number  of  grid  points  used  in  the  x  and 
2  directions  (32),  the  agreement  with  the  DNS  data  is  rea¬ 
sonably  good. 

The  intensity  of  each  component  in  the  SGS  shear  stress 

<  Tj2  >  was  qualitatively  in  good  agreement  with  the  re¬ 
sults  of  the  ‘a  priori’  test.  The  contribution  of  the  modi¬ 
fied  Leonard  term  was  significant  except  for  the  DSM.  The 
contribution  of  the  Smagorinsky  model  was  the  largest  in 
the  DSM,  slightly  lower  in  the  DMM,  much  lower  in  the 
Cl  —  Cs  model  and  still  lower  in  the  Cb  —  Cs  model. 
The  contribution  of  the  grid-scale  Reynolds  shear  stress 

<  uiu2  >  to  the  total  shear  stress  was  the  largest  in  the 
DSM,  and  became  smaller  in  the  order  of  the  DMM,  the 
Cl  —Cs  model  and  the  Cb—Cs  model  (Figure  not  shown). 
In  the  ‘a  priori’  test,  an  imbalance  of  the  modeled  total 
stress  with  the  mean  pressure  gradient  was  observed  (Fig. 
3).  A  subsequent  effect  is  observed  here. 

The  profiles  of  the  grid-scale  components  of  the  turbu¬ 
lence  intensities  in  the  vicinity  of  the  lower  wall  are  shown 
in  Fig.  6.  The  streamwise  component  is  substantially  over¬ 
estimated  in  the  DSM.  It  is  overestimated  to  a  lesser  extent 
in  the  DMM,  and  much  lesser  extent  in  the  Cl  —  Cs  model, 
but  the  amplitude  is  still  larger  than  that  obtained  using 
the  DNS  data.  The  excessively  large  grid-scale  component 

<  u{ u2  >  in  the  DSM,  the  DMM  and  the  Cl  —  Cs  model, 
in  turn,  resulted  in  the  generation  of  excessive  grid-scale 
energy  via  the  i  =  l,j  =  2  component  of  the  grid-scale 
production  term,  -  <  u”u2  >  d  <  ui  >  /dx2.  The  cor¬ 
relation  of  the  results  obtained  using  the  Cb  —  Cs  model 
with  the  DNS  data  is  significantly  better  than  that  for  the 
other  three  models. 

The  peak  position  is  better  predicted  using  the  Cl  —  Cs 
and  Cb  —  Cs  models,  i.e.,  the  peak  is  located  closer  to  the 
wall,  than  using  the  DSM  and  the  DMM.  Using  the  DSM, 
the  wall  layer  thickness  is  overestimated. 

The  normal  component  of  the  grid-scale  turbulence  in¬ 
tensity  is  better  predicted  using  the  DMM  and  the  Cl—Cs 
model,  but  the  amplitude  of  the  DNS  data  filtered  to 
32  x  257  x  32  will  be  much  smaller  than  the  data  presented 
in  Fig.  6.  In  the  results  obtained  using  the  DMM  and  the 
Cl  —  Cs  model,  the  spanwise  component  of  the  grid-scale 
turbulence  intensity  is  overestimated  throughout  the  chan¬ 
nel,  whereas  using  the  Cb  —  Cs  model,  it  is  overestimated 
at  y+  «  20  and  underestimated  at  a  distance  from  the 
wall.  In  the  results  obtained  using  the  DSM,  both  the  nor¬ 
mal  and  spanwise  components  of  the  grid-scale  turbulence 
intensities  are  underestimated. 

The  profiles  of  Cb  and  Cl  values  obtained  using  Zang 
et  al.'s  formulation  were  generally  in  good  agreement  with 
those  of  the  ‘a  priori’  test  (Figure  not  shown).  When  the 
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Figure  6:  ^-distributions  of  grid-scale  turbulence  intensi¬ 
ties  in  the  vicinity  of  the  lower  wall  obtained  from  the  DNS 
and  LES  results  for  channel  flow. 


Cb  value  was  determined  using  Vreman  et  al.’s  formula¬ 
tion,  in  contrast  to  the  results  obtained  in  the  ‘a  priori’ 
test  (Fig.2),  the  predicted  sign  of  the  average  Cb  value 
was  negative,  although  its  variance  was  very  large  (Figure 
not  shown).  Therefore,  the  mean  direction  of  the  predicted 
grid-scale-SGS  energy  flow  was  backward,  which  led  to  a 
growing  unstable  numerical  solution.  The  correct  predic¬ 
tion  of  the  positive  Cb  value  found  in  the  ‘a  priori’  test 
may  be  due  to  the  low  Reynolds  number  characteristics  of 
the  DNS  data. 

We  comment  on  the  computational  cost.  A  drawback 
of  the  proposed  Cb  —  Cs  model  is  in  the  increase  of  CPU 
time.  The  increase  of  the  CPU  time  in  the  Cb  —  Cs  model 
against  the  DSM  (60  %)  was  large.  We  consider  that  the 
significant  improvement  in  the  predictions  of  mean  velocity 
and  the  (streamwise)  turbulence  intensities  obtained  using 
the  Cb  —  Cs  model  is  worth  the  increased  cost.  We  note 
that  this  increase  was  mostly  attributable  to  the  aliasing 
error  elimination  in  the  bi-  and  triple  products.  We  note 
that  aliasing  error  removal  may  not  be  necessary  in  the 
Cb  —  Cs  model  because  the  filter  is  applied  two  more  times 
to  the  grid-scale  velocity  field,  thus  eliminating  the  higher 
wave  number  range  of  the  energy  spectrum. 

Another  drawback  of  the  Cb—Cs  model  is  that  the 
number  of  successive  filtering  operations  contained  in  the 
model  is  three,  whereas  it  is  two  for  the  DMM  and  the 
Cl  —  Cs  model.  A  higher  number  of  operations  requires 
additional  conditions  near  the  boundaries  in  the  inhomo¬ 
geneous  directions.  This  issue  will  be  left  to  future  studies. 

MODELS  FOR  SGS  SCALAR  FLUX 

Advantage  of  the  proposed  generalized  scale-similarity 
model  (Eq.  (2))  is  that  it  can  be  directly  used  to  model 
other  SGS  correlation,  e.g.,  the  SGS  scalar  flux  which  ap¬ 
pears  in  the  filtered  transport  equation  for  the  passive 
scalar.  We  derive  the  following  model  for  the  scalar  flux, 

Ti  =  mO  -  ~i  9  ~  C*  (u.-  0  -  ft*  0 j  ,  (12) 

where  C£  is  a  model  parameter. 

This  model  was  tested  on  the  passive  scalar  field  which 
was  driven  by  the  velocity  field  inside  the  channel  obtained 
by  LES  using  the  Cb—Cs  model  shown  in  the  previous  sec¬ 
tion.  The  scalar  was  uniformly  input  within  the  fluid  and 
then  removed  at  both  walls.  The  Prandtl  number  Pr  was 
set  equal  to  0.025,  and  the  results  were  compared  with  the 
DNS  result.  [16]  The  model  parameter  <7/  was  determined 
using  the  dynamic  procedure. 

This  low  Prandtl  number  was  chosen  because  in  the  con¬ 
ventional  SGS  eddy  diffusivity  model,  the  damping  func- 
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Figure  7:  Mean  scalar  profiles  obtained  from  the  DNS  and 
LES  results. 


tion  should  be  properly  determined.  It  seems  that  this 
determination  is  not  easily  manageable. 

It  should  be  noted  that  a  model  similar  to  that  of  Eq. 

(12)  was  proposed  in  [17]  and  [18],  which  were  obtained  by 
filtering  products  of  resolved  velocity  and  scalar  on  a  scale 
equal  to  twice  the  grid  scale.  Similar  approach  was  used 
to  model  the  SGS  stress  tensor,  Tij,  in  [19],  These  models 
correspond  to  the  most  primitive  level  in  the  present  gen¬ 
eralized  scale-similarity  model.  We  note  that  the  terms  in 
the  SGS  scalar  flux  which  corresponds  to  the  modified  cross 
and  Reynolds  stress  terms  in  the  SGS  stress  tensor  can  be 
modeled  in  the  same  manner  as  is  previously  stated.  More 
accurate  models  can  be  derived  at  this  level.  It  was  found 
in  actual  LES,  however,  that  the  model,  Eq.  (12),  is  suffi¬ 
ciently  accurate  at  the  predent  low  Pr.  A  sufficient  drain 
of  the  grid-scale  scalar  variance  to  sustain  the  turbulence 
was  provided  without  turning  to  the  SGS  eddy  diffusivity 
model. 

Figure  7  shows  the  mean  scalar  profile  obtained  using 
this  model.  Agreement  of  the  result  with  the  DNS  data  is 
good,  and  a  linear  distribution  of  the  scalar  in  the  vicinity 
of  the  wall  is  obtained. 

CONCLUSIONS 

We  have  proposed  a  new  model  for  the  SGS  stresses 
in  large-eddy  simulation.  A  new  dynamic  two-parameter 
mixed  model  for  the  incompressible  SGS  stress  tensor  was 
derived  based  on  this  modeling  procedure.  The  obtained 
mixed  model  was  tested  in  both  ‘a  priori’  and  ‘a  posteriori’ 
tests.  The  flow  fields  for  both  tests  were  fully  developed 
channel  flow  and  time-developing  mixing  layer  flow. 

In  this  new  model,  all  of  the  stress  terms  were  modeled  in 
a  form  compatible  with  that  of  the  generalized  central  mo¬ 
ment  [3]  (generalized  scale-similarity  model  (Eq.(2))).  The 
modified  cross  term  and  the  modified  SGS  Reynolds  stress 
tensor  were  assumed  to  be  proportional  to  the  Ltf  term 
(Eq.(5))).  The  Smagorinsky  model  was  linearly  combined 
with  the  Lif  term  in  order  to  provide  a  sufficient  drain 
of  the  grid-scale  energy  into  the  SGS.  The  two  parame¬ 
ters  used  in  the  model  were  determined  using  the  standard 
dynamic  SGS  model  procedure  [9]  and  the  least  squares 
method  [12]  (the  Cb  —  Cs  model). 

The  compatibility  of  the  SGS  models  with  the  stan¬ 
dard  dynamic  procedure  is  discussed,  and  it  is  suggested 
that  models  expressed  in  the  form  of  the  generalized  scale- 
similarity  model  yield  accurate  predictions  of  the  behavior 
of  the  model  parameters  when  the  test-filtered  SGS  tensor 
is  defined  using  the  formulation  of  Zang  et  al.  [10] 

The  proposed  model  was  compared  with  the  previous 
dynamic  models  which  can  be  derived  as  a  subset  of  the 
proposed  model.  [9]  [10]  [11] 


In  the  ‘a  priori’  test,  it  was  shown  that  the  Ltf  term  is 
highly  correlated  with  both  the  modified  cross  term  and 
the  modified  SGS  Reynolds  stress  tensor,  the  correlation 
of  which  was  even  higher  than  that  for  the  other  model 
terms.  The  contribution  of  the  Smagorinsky  model  was 
smelliest  for  the  Cb  —  Cs  model. 

These  SGS  models  were  further  assessed  via  an  ‘a  poste¬ 
riori’  test  for  fully  developed  turbulent  channel  and  mixing 
layer  flows.  For  both  flows,  the  test  results  were  consistent 
with  those  of  the  ‘a  priori’  test.  The  DSM  results  had  the 
lowest  correlation  with  the  filtered  DNS  data.  This  poor 
correlation  was  improved  to  some  extent  in  the  DMM.  A 
significant  improvement  was  achieved  using  the  Cl  —  Cs 
model,  but  the  best  results  were  obtained  using  the  pro¬ 
posed  Cb  —  Cs  model. 

The  validity  of  the  proposed  two-parameter  mixed  model 
was  established  for  two  different  flows,  with  the  advan¬ 
tage  that  the  model  parameters  contained  in  the  proposed 
model  were  determined  locally  on  a  point-by-point  basis. 
The  proposed  generalized  scale-similarity  model  was  ap¬ 
plied  to  the  passive  scalar  transport  at  a  low  Prantl  num¬ 
ber.  The  results  showed  a  good  agreement  with  the  DNS 
data. 
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ABSTRACT 

A  method  is  presented  for  predicting  filtered  chemi¬ 
cal  species  concentrations  and  filtered  reaction  rates  in 
Large  Eddy  Simulations  of  nonpremixed,  turbulent  react¬ 
ing  flows.  The  subgrid-scale  model  is  based  on  laminar 
flamelet  theory  and  uses  presumed  forms  for  the  dissipa¬ 
tion  rate  and  subgrid-scale  probability  density  function  of 
a  conserved  scalar.  Inputs  to  the  chemistry  model  are  the 
Favre-filtered  scalar,  its  subgrid-scale  variance  and  filtered 
dissipation  rate.  A  model  for  the  filtered  dissipation  rate 
is  discussed.  The  chemistry  model  and  the  dissipation  rate 
model  are  evaluated  by  filtering  data  from  (256)3  point  Di¬ 
rect  Numerical  Simulations  of  incompressible,  nonisother- 
mal  decaying  turbulence  with  a  single-step  reaction.  Re¬ 
sults  show  the  chemistry  model  and  the  dissipation  rate 
model  to  be  quite  accurate. 

INTRODUCTION 

Accounting  for  chemical  reactions  in  a  Large  Eddy  Sim¬ 
ulation  (LES)  requires  knowledge  of  the  distribution  of  re¬ 
actants  within  each  LES  grid  cell.  One  aspect  of  a  strategy 
for  accounting  for  subgrid-scale  mixing  is  to  employ  an  as¬ 
sumed  form  for  the  Probability  Density  Function  (PDF)  of 
a  conserved  scalar  within  a  grid  volume.  Gao  and  O’Brien 
(1993)  refer  to  this  type  of  PDF  as  a  Large  Eddy  Probabil¬ 
ity  Density  Function  (LEPDF).  Bilger  (1980)  and  Lentini 
(1994)  found  that  errors  in  assumed  PDFs  are  greatly 
reduced  upon  integration,  a  common  operation  which  is 
required  in  order  to  obtain,  e.g.,  average  concentrations. 
Frankel  et  al.  (1993)  and  Cook  and  Riley  (1994)  demon¬ 
strated  the  assumed  LEPDF  approach  to  be  both  practi¬ 
cal  and  accurate  for  LES  with  equilibrium  chemistry.  In 
treating  non-equilibrium  chemistry,  Frankel  et  al.  (1993) 
employed  a  joint  Beta  distribution  for  the  fuel  and  oxi¬ 
dizer  in  a  flow  with  a  single-step  reaction.  Specification 
of  the  joint  LEPDF  requires  modeling  of  the  subgrid-scale 
species  covariance,  a  quantity  that  is  very  difficult  to  ob¬ 
tain  accurately.  An  alternative  method  of  accounting  for 
non-equilibrium  chemistry  is  to  invoke  the  laminar  flamelet 
approximation  of  Peters  (1984).  This  requires  knowledge 
of  the  filtered  scalar  dissipation  rate,  a  quantity  more  eas¬ 
ily  modeled  in  an  LES  because  it  is  established  by  the  large 


scales. 

Cook  et  al.  (1997)  used  laminar  flamelet  theory,  in  con¬ 
junction  with  an  assumed  LEPDF,  to  derive  a  model  for 
the  filtered  chemical  species  in  an  incompressible,  isother¬ 
mal  flow  with  a  single  step  reaction.  The  model  was  termed 
the  Large  Eddy  Laminar  Flamelet  Model  (LELFM).  A 
priori  tests  of  the  model  using  data  from  Direct  Numer¬ 
ical  Simulations  (DNS)  indicated  that  the  LELFM  is  ac¬ 
curate,  and  improves  with  increasing  Damkohler  number. 
The  purpose  of  this  paper  is  twofold:  firstly,  to  extend 
the  LELFM  theory  to  the  case  of  compressible  flows  with 
multi-step,  Arrhenius-rate  chemistry,  and  secondly,  to  in¬ 
vestigate  a  proposed  model  for  the  filtered  dissipation  rate, 
a  parameter  required  by  LELFM.  The  models  are  tested 
using  DNS  data  of  incompressible,  noniso thermal  turbu¬ 
lence  with  a  single-step  reaction.  Although  the  theory  is 
more  general,  this  simplified  case  is  addressed  in  order  to 
isolate  the  effects  of  activation  temperature  on  the  perfor¬ 
mance  of  LELFM,  and  to  test  the  model  for  the  filtered 
dissipation  rate. 

SUBGRID-SCALE  CHEMISTRY  MODEL 
Reaction  Zone  Physics 

In  this  paper,  all  variables  are  nondimensional.  We  con¬ 
sider  a  two-feed  combustion  problem  with  fuel  carried  by 
feed  1  and  air  carried  by  feed  2.  As  the  fuel  and  air  are 
mixed,  chemical  reactions  occur,  forming  various  combus¬ 
tion  products.  The  mass  fractions  of  the  chemical  species 
are  denoted  as  Y,  and  the  reaction  rates  are  denoted  as  w,. 
A  mixture-fraction  £(x,  t)  is  defined,  as  in  Bilger  (1980), 
so  that,  with  the  assumption  of  equal  diffusivities  of  all 
species,  f  is  a  conserved  scalar  in  the  flow,  having  a  value 
of  unity  in  feed  1  and  a  value  of  zero  in  feed  2. 

In  typical  combustion  problems  the  zones  of  reaction 
are  too  small  to  be  resolved  by  the  LES;  therefore,  the 
chemistry  must  be  modeled  in  its  entirety.  In  deriving  a 
model  for  the  subgrid-scale  chemistry,  it  is  useful  to  note 
that  the  universal  nature  of  f  mixing  at  the  small  scales 
of  turbulence  is  well  documented,  supported  by  detailed 
experimental  evidence,  DNS  data  and  local  solutions  of 
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the  Navier-Stokes  and  scalar  transport  equations  (see  Buch 
and  Dahm,  1996;  Southerland  and  Dahm,  1994;  Siggia, 
1981  and  Reutsch  and  Maxey,  1991).  This  motivates  the 
use  of  laminar  flamelet  theory  in  formulating  a  subgrid- 
scale  model  for  Yi  and  to,-. 

Peters  (1984)  proposed  the  following  set  of  equation  as 
a  means  of  relating  the  species  mass  fractions  Y,  to  the 
mixture-fraction  £, 

=  «  =  i ,-,n  (i) 

where  N  is  the  total  number  of  chemical  species  in  the  flow 
and  x  is  the  scalar  dissipation  rate,  defined  as 

pD 

*  =  KVfVf. 

Here  p  and  D  are  the  density  and  molecular  diffusivity, 
respectively,  and  Pe  is  the  Peclet  number.  The  equation 
set  is  coupled  through  the  reaction  rates,  i.e.,  w,  terms, 
which  are  functions  of  Yi,  p  and  temperature  T .  Equation 


1  satisfies  the  boundary  conditions: 

K(£  =  o)  =  ri2 

(2) 

II 

II 

X 

(3) 

T,  and  thereby  p,  to  £  and  Vi  (see  Libby  and  Williams, 
1980).  This  is  accomplished  by  using  the  total  enthalpy, 
defined  as 


H  = 


N 


7 

(7-1) 


■T  + 


x>* 


(6) 


where  7  is  the  ratio  of  specific  heats  and  h,  are  the  en¬ 
thalpies  of  formation  of  the  various  species.  If  the  Prandtl 
number  of  the  flow  is  equal  to  the  Schmidt  number,  then 
the  transport  equations  for  H  and  £  are  identical.  In  such 
case,  H  is  linearly  related  to  £  as  long  as  the  initial  and 
boundary  conditions  are  consistent.  The  relationship  is 
given  by 


H  = 


(7-1) 


(T,  -T2)  +  Y^h,(Yil  -  yl2) 


N 

+  (7TT)r’  +  X>y»  (7) 

i~  1 

where  Ti  and  T2  are  the  temperatures  in  feeds  1  and  2 
respectively.  Using  Eqns.  6  and  7,  T  can  be  expressed  as 
a  function  of  Yi  and  £,  i.e., 


where  Yh  and  Y,2  are  the  uniform  values  of  Y,  in  feeds  1 
and  2,  respectively. 


Counterflow  Model 

Bish  (1996)  demonstrated  that  the  dynamics  of  the  lo¬ 
cal  strain-diffusion  competition  involved  in  scalar  mix¬ 
ing  dictate  that  x  must  be  concentrated  in  locally  one¬ 
dimensional  layer-like  structures.  The  £  dependence  of  x 
is  therefore  prescribed  as  the  solution  to  a  one-dimensional, 
laminar  counterflow  problem.  The  result  is 

X  =  XoF(£)  (4) 

where 

F(£)  =  exp(— 2[erf-‘(2(£  -  £")/(£+  -  £“)  -  l)]2)  . 

Here  x°  's  the  local  peak  value  of  x  within  the  reaction 
layer,  erf-1  is  the  inverse  error  function  (not  the  recipro¬ 
cal),  and  £“  and  £+  are  the  minimum  and  maximum  values 
of  £  on  either  side  of  the  layer,  i.e.,  locations  in  the  flow 
where  v£  =  0.  Cook  et  al.  (1997)  argued  that  £“  =  0  and 
£+  =  1  are  acceptable  modeling  assumptions,  even  though 
the  layer-like  mixing  structures  are  rarely  bounded  by  pure 
fuel  and  oxidizer.  This  assumption  will  also  be  made  here. 


Simplifying  Assumptions 

In  many  devices,  such  as  industrial  gas  furnaces,  the 
combustion  occurs  at  flow  speeds  much  slower  than  the 
local  speed  of  sound.  The  Mach  number  of  these  flows  is 
low,  yet  the  density  varies  due  to  heat  release.  In  sim¬ 
ulating  these  flows,  the  acoustic  modes  can  be  removed 
from  the  governing  equations,  resulting  in  significant  com¬ 
putational  savings.  If  a  low  Mach  number  approximation 
is  applied  to  the  governing  equations,  then  the  ideal  gas 
equation  becomes  (see  McMurtry  et  al.,  1989) 

P(0)  =  PT  (5) 

where  p(0)  is  the  first-order  or  thermodynamic  pressure, 
which  is  constant  in  space.  If  combustion  takes  place  in  an 
open  domain,  then  p(0*  is  also  constant  in  time,  in  which 
case  p  is  known  in  terms  of  T  alone.  In  such  a  regime,  the 
number  of  parameters  in  Eq.  1  can  be  reduced  by  relating 


T  = 


(7-1) 

7 


N 

^hiiYu-Yi) 

»=1 


£ 


+T2  +  ^—^Y^hi(Yi2-Yi).  (8) 

*=  1 

With  p  and  T  known  in  terms  of  £  and  Yi ,  Eq.  4  is  inserted 
into  Eq.  1  and  the  system,  Eqs.  1,  2  and  3,  is  solved  to 
obtain  E  (£,  Xo).  With  the  species  mass  fractions  known  in 
terms  of  £  and  Xo,  the  reaction  rates,  i.e.,  th;(£,Xo),  can 
also  be  computed. 


Subgrid-Scale  PDF 

By  assuming  that  reactions  occur  in  thin  regions  of  one¬ 
dimensional  counterflow,  the  £  dependence  of  x  is  known 
through  Eq.  4.  Furthermore,  by  assuming  that  £“  =  0  and 
£+  =  1,  Xo  then  represents  the  value  of  x  where  £  =  0.5. 
The  modeling  thus  implies  that  Xo  is  independent  of  £; 
therefore,  the  average  value  of  Y,  within  an  LES  grid  cell 
can  be  expressed  as 

-  rl 

Y=  /  X(£,Xo)P(xo)P(£)dxod£  (9) 
Jo  J xT'n 

where  x™n  and  xTax  are  the  minimum  and  maximum  val¬ 
ues  of  Xo  within  the  grid  cell.  In  Eq.  9,  P(£)  is  the  LEPDF, 
giving  the  subgrid-scale  frequency  distribution  of  £  within 
the  cell.  Likewise,  P(xo)  gives  the  subgrid-scale  probabil¬ 
ity  density  of  Xo-  To  simplify  notation,  no  distinction  is 
made  between  the  random  variables  and  their  probability 
space  counterparts. 

Kuznetsov  and  Sabel’nikov  (1990)  and  Mell  et  al.  (1994) 
showed  that  Yi(£,Xo)  is  a  slow  function  of  x.  and  hence  of 
Xo-  Therefore,  if  the  interval  X0*01  —  X™‘"  is  not  too  large, 
then  Yi(£,Xo)  and  iu,(£,  Xo)  can  be  approximated  by  the 
first  two  terms  in  the  Taylor  series  expansion  about  the 
average  of  Xo,  i.e., 


y,(£,xo)*y,(£,x7)+ 


(Xo  -  Xo)  . 

xT  (10) 
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Inserting  Eq.  10  into  Eq.  9  and  integrating  over  Xo  gives 

*=  f  m,xz)P(m  ■  (ii) 

Jo 


There  are  several  ways  of  obtaining  £2,  one  of  which  is 
to  integrate  its  governing  equation.  This  is  obtained  by 
multiplying  Eq.  14  by  £  and  Favre-filtering  (again  ignoring 
subgrid  fluctuations  in  diffusivity).  The  result  is 


The  integral  in  Eq.  11  is  carried  out  by  assuming  a  Beta 
distribution  for  P(£).  Williams  (1985)  gives  this  as 


P(Z)  = 


B(a,b) 


(12) 


where 


a 


b  =  a/£  -  a 


tl=e-t 2. 


In  Eq.  12  B(a,  b)  is  the  Beta  function  and  £2  is  the  subgrid- 
scale  variance  of  £. 

Filtered  reaction  rates  are  computed  in  the  same  man¬ 
ner  as  the  filtered  species  mass  fractions,  i.e.,  by  expanding 
WtfCXo)  in  a  Taylor  series  about  xZ  and  then  integrating 
«>.(£ ,Xo)  with  P(£).  Finally,  xZ is  related  to  x  by  integrat¬ 
ing  Eq.  4  with  P(£),  i.e., 


m2  dpSjP 

dt  dxj 


other  approach  is  to  use  a  scale  similarity  model,  as  pro¬ 
posed  by  Cook  and  Riley  (1994).  Such  a  model  was  suc¬ 
cessfully  used  by  Reveillon  and  Vervisch  (1996)  in  an  LES 
of  reacting  turbulence. 


1  d 

( » 

l-2v  dfh 

(16) 

Pe  dij 

\  dxj  J 

1  2X  d^' 

must  also  be  modeled. 

An- 

A  Model  for  v 

In  order  to  develop  a  model  for  x,  consider  the  equation 
for  ^-energy,  obtained  by  multiplying  Eq.  15  by  2$,  which, 
after  some  algebra,  gives 

dpi2  dfp'e  z, 

dt  dr.j 


J  o 


(13) 


Constructing  Tables 

In  simulating  compressible  flows,  it  is  common  to  work 
with  Favre-filtered  variables.  The  chemistry  model  may  be 
employed  in  an  LES  by  constructing  tables  for  K(£,£2,x) 
and  Wi((,  £2,x),  where  a  tilde  denotes  a  Favre-filtered 
quantity.  The  tables  will  will  depend  on  the  flow  parame¬ 
ters:  ,  7i  ,  T2,  hi,  Yu ,  Yi2,  Re,  Sc,  the  various  activation 

temperatures  Ta,  and  the  various  Damkohler  numbers  Da,. 
The  tables  are  constructed  in  the  following  way.  Firstly, 
£  and  £2  are  chosen  and  P(£)  is  computed  from  Eq.  12. 
Then  Xo  is  chosen  and  x  is  computed  using  Eq.  13.  The 
LFM  solutions  can  then  be  specified  in  terms  of  y(£,x)- 
Next,  Eq.  8  is  used,  along  with  Eq.  5  and  the  LFM  solu¬ 
tions  y(£,x),  to  compute  p(£,x).  With  P(£)  and  p((,x) 
known,  £  and  £2  can  then  be  computed.  Finally,  Yi  is  com¬ 
puted  from  Eq.  11  and  w,  is  obtained  similarly.  Note  that 
Yi  and  t hi  are  initially  obtained  in  terms  of  £,  £2  and  Xo, 
but  may  be  tabulated  as  functions  of  £,  £2  and  X-  Also, 
since  p  is  a  known  function  of  £  and  x,  the  Favre-filtered 
variables  Y,  and  w,  can  also  be  computed  and  tabulated. 


Obtaining  £  and  £2 

The  tables  for  Y,  and  w,  require  £,  £2  and  x  as  inputs. 
Therefore,  these  quantities  must  be  obtained  in  addition 
to  the  velocity  field  and  other  LES  variables.  In  an  LES, 
£  is  computed  by  integrating  its  governing  equation.  The 
transport  equation  for  £  is 


dp£  dp£uj  _  1  d  (  d£_\ 

dt  dx}  PeScdxj  y  dx3  J 


(14) 


An  equation  for  £  is  derived  by  Favre-filtering  Eq.  14  and 
neglecting  the  term  due  to  subgrid  fluctuations  in  D;  this 
gives 


dpi  dpfr}  =  j__d_  _  90 

dt  dxj  Pe  dij  y  dx }  J  dx,  ’ 


where 


must  be  modeled. 


_1 _ d_ 

Pe  dx, 


(17) 


We  model  £,  in  a  manner  similar  to  Smagorinsky  (1966), 
i.e., 


Pags  d£ 
dcggs  dx, 


(18) 


where  Scsg ,  is  a  subgrid-scale  Schmidt  number,  assumed 
constant,  and  the  subgrid-scale  viscosity  is  defined  as 


Pass  —  5 


(19) 


Here,  Cjit  is  a  dynamically  determined  coefficient  and  |s| 
is  the  magnitude  of  the  resolved  strain-rate  tensor. 

An  equation  for  the  £-energy  can  be  obtained  by  multi¬ 
plying  Eq.  15  by  2£,  using  Eq.  18: 

dp?  ,  dp'ez,  fc-nK\ 

dt  dx,  Pc  dx,  yp  dx:) 


_L _ d_  (  d?\ 

Scsq.  dx,  y*‘9S  dx,  J 


The  last  two  terms  represent  the  dissipation  rate  of  £  due  to 
molecular  effects  and  to  transfer  of  £  energy  to  the  subgrid- 
scales,  respectively. 

We  note  that,  at  the  larger  scales,  £2  is  approximately 
equal  to  £2,  the  difference  between  the  two  being  due  to 
the  filtering  of  £  at  the  smaller  scales.  This  implies,  in 
particular,  that  the  transfer  rate  of  both  quantities  to  the 
subgrid  scales  is  nearly  identical.  Assuming  in  addition 
that  the  transfer  rate  of  £  to  the  subgrid  scales  is  equal  to 
its  dissipation  rate  at  those  scales,  a  comparison  of  Eqs.  16 
and  20  suggests  the  model  for  x= 


*"s(S  +  ^)(i)2-  <”> 

This  is  the  first  term  in  a  model  for  x  proposed  by  Girimaji 
and  Zhou  (1996).  We  will  take  Eq.  21  as  our  model  for  x- 
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RESULTS 


0.8. 


(A) 


<B) 


DNS  Data 

Data  sets  from  (256)3  point  Direct  Numerical  Simula¬ 
tions  of  incompressible,  isotropic,  temporally-decaying,  re¬ 
acting  turbulence  were  used  to  investigate  the  accuracy 
of  the  chemistry  model.  A  key  issue  is  the  behavior  of 
the  model  for  a  range  of  the  activation  temperature  Ta- 
Therefore,  in  the  DNS,  p  and  p  were  kept  constant  in  or¬ 
der  to  isolate  the  effects  of  Ta  on  the  model  performance. 
The  chemical  mechanism  followed  the  single-step  reaction: 
Fuel  +  (r)Oxidizer  — ♦  (1  +  r)Product  +  Heat,  where  r  is 
the  mass  of  oxidizer  required  to  react  with  a  unit  mass  of 
fuel.  The  £  field  was  initialized  in  a  statistically  homoge¬ 
neous  manner  with  regions  of  ones  (fuel)  and  zeros  (oxi¬ 
dizer)  separated  by  thin  mixing  zones.  The  mean  value  of 
£  was  (£}  =  0.25,  where  the  angle  brackets  denote  an  av¬ 
erage  over  the  entire  (256)3  domain.  An  equation  for  fuel 
was  solved  with  the  oxidizer  and  product  obtained  from 
the  relations: 

To  =  T*  (1  -  £)  +  r  (Y,  -  £T/i)  ,  (22) 

Yp  =  (r  +  l)(£Yjri  —  T/)  .  (23) 

Here  Yf,  Y0  and  Yv  are  the  fuel,  oxidizer  and  product  mass 
fractions,  respectively.  For  this  case,  the  stoichiometric 
value  of  the  mixture-fraction  is  given  by 


Yo2 

_  ( rYfl  +  Yo2 ) 


(24) 


In  the  DNS,  the  feed  concentrations  were  set  to  Yfi  = 
Yo2  =  1  and  r  was  assigned  a  value  of  3,  resulting  in  £,t  = 
0.25.  The  Yf  field  was  initialized  according  to  the  fast 
chemistry  limit,  i.e., 


Y/  =  Y/i  { 


0 

a  -  e-«)/(  i 


£»«) 


where  £  <  £,t 
where  £  >  £.t  ^ 


This  provided  initially  high  temperatures  in  the  thin  mix¬ 
ing  regions,  thus  giving  a  ‘spark’  to  initiate  the  reaction. 
The  Schmidt  number  of  the  simulation  was  set  to  corre¬ 
spond  to  combustion  in  air,  i.e.,  Sc  =  0.72. 

For  single-step  chemistry,  it  is  only  necessary  to  solve 
one  laminar  flamelet  equation,  which  can  be  formulated  in 
terms  of  Yf,  Ya  or  Yp.  In  terms  of  fuel,  Eq.  1  is 

=  W  >  (26) 


where 


rbf  =  DapYfpYo  exp(— Ta/T)  .  (27) 


Note  that  Eqs.  4,  22  and  27  are  needed,  in  addition  to  the 
boundary  conditions  Y/(£  =  0)  =  0  and  Y/(£  =  1)  =  Y/j, 
in  order  to  solve  Eq.  26. 

Several  simulations  were  performed,  in  which  Ta  took  on 
different  values.  The  adiabatic  flame  temperature,  defined 
as 


T, 


Yo2  +  rYfi  -f  Y/iYo2q(7  -  l)/7 
Yo2  +  rYf  i 


(28) 


was  assigned  a  value  of  8.14.  Here  q  is  the  heat  of  combus¬ 
tion,  defined  as 

q  =  hf  +  rh0  —  (r  +  l)hp  ,  (29) 


where  hf,h0  and  hv  are  the  enthalpies  of  formation  of  the 
fuel,  oxidizer  and  product  respectively. 
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Figure_l:  (A)  CORRELATION  OF  LELFM  PREDICTIONS 
FOR  YP  USING  THE  EXACT  x  ON  THE  HORIZONTAL 
AND  THE  MODELED  x  ON  THE  VERTICAL.  (B)  COR- 
RELATATION  OF  LELFM  PREDICTIONS  FOR  Yp  WITH 
EXACT  RESULTS. 


In  order  to  test  the  model,  the  DNS  data  fields  were  fil¬ 
tered  onto  a  16  x  16  x  16  point  LES  mesh.  Then  exact 
values  for  Yp,  ti>/,  £,  £2,  and  x  were  computed  by  aver¬ 
aging  over  the  (16)3  DNS  grid  points  in  each  LES  grid 
cell.  The  latter  three  quantities  were  then  used  to  obtain 
model  values  for  Yp  and  Wf.  The  data  were  taken  at  one 
large-eddy  turnover  time  after  initialization  of  the  £  and 
Yf  fields.  The  eddy  turnover  time  is  defined  as  u°mst/l°, 
where  Um,  =  ({u  •  tf)/3)1|/2  and  l  is  the  integral  scale.  The 
superscript  ()°  indicates  a  value  at  t  =  0. 

Since  the  intent  of  LES  is  to  resolve  the  large  eddies,  the 
filtered  DNS  fields  represent  an  LES  only  if  the  filter  width 
A  is  significantly  smaller  than  the  integral  scale  l.  Further¬ 
more,  since  the  subgrid  models  appear  to  rely  on  inertial 
range  behavior  of  the  eddies  near  the  grid-scale,  A  should 
be  much  greater  than  the  Kolmogorov  scale.  At  the  time  of 
filtering,  the  ratio  of  filter  width  to  the  integral,  Taylor  and 
Kolmogorov  scales  of  the  DNS  turbulence  was  A/l  =  0.347, 
A/A  =  1.59  and  A/r)  =  29.8,  respectively.  The  turbulent 
Damkohler  number  was  Dat  =  K*l* /u*m,  =  11.2,  where 
a  *  indicates  a  dimensional  quantity  and  K*  is  the  pre¬ 
exponential  factor  in  the  reaction  rate.  The  large-eddy 
Reynolds  number  was  Ret  =  p*u*m!l* /p*  =  417  and  the 
Taylor  Reynolds  number  was  Rex  =  p*u*m, A*/p*  —  91. 
The  segregation  of  fuel  and  oxidizer  was  measured  as 
[(£2)  —  (£/]/[(£)  —  (£)2]  =  0.533;  initially  this  parameter 
had  a  value  of  0.814. 

Effect  of  y  Model  on  LELFM 

The  model  for  x  is  first  tested  by  comparing  results  of  the 
LELFM  using  exact  (i.e.,  filtered  DNS  data)  and  modeled 
values  for  x-  In  modeling  x.  Scsgs  is  determined  by  finding 
the  least  squares  solution  of  xm  —  X.  giving  Scsg3  w  0.3. 
The  Pearson  correlation  coefficient  for  x  versus  xm  is  about 
0.47,  indicating  significant  scatter.  With  Sc,g,  empirically 
determined,  Figure  la  shows  such  a  comparison  for  the 
filtered  product  mass  fraction  for  a  case  with  Ta  =  0  and 
Dat  =  11.2.  In  making  the  comparisons,  the  local  exact 
(i.e.,  filtered  DNS  data)  for  £  and  £2  are  employed.  The 
agreement  is  very  good  (the  correlation  coefficient  is  0.99), 
especially  given  the  somewhat  low  correlation  between  the 
exact  and  modeled  values  for  x.  There  appear  to  be  two 
reasons  for  this  good  agreement.  First,  the  greatest  errors 
in  xm  occur  at  high  values  of  x>  which  are  least  likely  to 
occur.  Second,  the  species  mass  fraction  is  proportional  to 
X1/3  (see  Mell  et  al.  1994),  so  that  chemical  concentrations 
will  not  be  very  sensitive  to  errors  in  xm- 

Figure  lb  gives  a  comparison  of  results  of  the  LELFM  for 
the  filtered  product  mass  fraction,  using  the  model  for  x, 
with  the  exact  values  obtained  by  filtering  the  DNS  data. 
Again  the  agreement  is  very  good;  however  the  model  for  x 
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Figure  2:  CORRELATION  OF  EXACT  AND  MODELED 
PRODUCT  MASS  FRACTION  FOR  DIFFERENT  ACTIVA¬ 
TION  TEMPERATURES. 


Figure  3:  CORRELATION  OF  EXACT  AND  MODELED 
REACTION  RATE  FOR  DIFFERENT  ACTIVATION  TEM¬ 
PERATURES. 


has  increased  the  scatter  in  the  predictions  for  Yv  compared 
to  LELFM  results  computed  from  the  exact  x.  This  is 
apparent  when  comparing  Figure  lb  to  Figure  2,  which  is 
discussed  next. 


Effect  of  Arrhenius  Kinetics  on  LELFM 
Figure  2  shows  the  correlation  of  exact  and  model  values 
for  Yp  for  the  cases  with  Ta  =  0, 4,  and  8.  In  these  com¬ 
parisons,  locally  exact  values  for  (,  (2,  and  \  are  utilized. 
Each  point  in  the  plots  represents  Ip  at  a  particular  LES 
grid  point.  The  plots  on  the  left  demonstrate  the  perfor¬ 
mance  of  LELFM,  whereas  the  plots  on  the  right  display 
the  results  of  assuming  equilibrium,  i.e.,  infinite  Damkohler 
number,  chemistry.  In  the  plots  on  the  right  hand  side  ECL 
stands  for  Equilibrium  Chemistry  Limit.  This  limit  pro¬ 
vides  a  reference  for  judging  the  perform  since  of  LELFM. 
In  the  equilibrium  chemistry  limit 


TP  =  (r  +  l)Y/i£,t  { 


(i-O/(i-60 


if  £  <  U 
if  £  >  £««  (30) 


so  that,  with  the  beta-pdf  for  £,  the  model  prediction  for 
Yp  becomes 


YP  J{„(q  +  l,fc)  f  a  1 

(r  +  l)Y/i£>t  £,t  la  +  6j 


+ 


l,a)  f  b 


where  a  and  b  are  given  after  Eq.  12  and  I\(a,(3)  is  the 
Incomplete  beta  function  (see  Madnia  and  Givi,  1993,  and 
Cook  and  Riley,  1994).  The  LELFM  results  for  Yp  degrade 
somewhat  with  increasing  Ta.  This  is  due  to  the  increase 
of  chemical  time  scales  relative  to  local  flow  time  scales. 
However,  as  Ta  is  increased,  the  ECL  data  move  away  from 
the  45°  line  much  more  than  the  LELFM  data.  As  the 
chemical  equilibrium  departures  increase,  the  accuracy  of 
LELFM  relative  to  ECL  improves  due  to  the  fact  that  there 
are  no  mechanisms  in  ECL  to  account  for  these  departures. 
At  higher  Ta  the  reaction  zones  are  narrower,  thus  several 
of  the  assumptions  of  laminar  flamelets  should  be  more 
valid. 

The  results  for  the  reaction  rate  w /  are  displayed  in  Fig¬ 
ure  3  for  the  three  cases  mentioned.  The  LELFM  pre¬ 
diction  is  shown  in  the  plots  on  the  left  hand  side  and  the 
Means  Closure  (MC)  prediction  is  shown  on  the  right  hand 
side  for  comparison.  The  Means  Closure  is  given  by 

wf  «  DapYfpY0  exp(—Ta/T)  . 

The  results  for  w /  show  that  the  LELFM  and  MC  predic¬ 
tions  both  improve  with  increasing  Ta.  However,  LELFM 
is  much  better  than  MC  at  predicting  to/.  The  chemistry 
model  was  also  applied  to  (128)3  DNS  fields  at  a  Reynolds 
number  of  Ret  =  135  with  virtually  identical  results. 


1  -£.t 


CONCLUSIONS 

This  paper  has  presented  a  method  for  predicting  fil- 


(31) 
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tered  chemical  species  Yi  and  filtered  reaction  rates  w,  in 
LES  of  turbulent  reacting  flows.  Inputs  to  the  chemistry 
model  are  a  Favre-filtered  mixture-fraction,  its  subgrid- 
scale  variance  and  filtered  dissipation  rate.  The  model 
for  Yi  and  w, ,  termed  the  Large  Eddy  Laminar  Flamelet 
Model  (LELFM),  is  employed  by  constructing  tables  for 
Yi  and  wi  prior  to  running  an  LES.  Since  these  quantities 
are  obtained  in  an  LES  via  table  lookup,  the  model  is  very 
inexpensive. 

A  model  for  the  filtered  scalar  dissipation  rate  x  was 
evaluated  using  DNS  data.  Although  there  was  some  scat¬ 
ter  in  the  prediction  of  x,  the  LELFM  predictions  for  Yp 
were  good.  This  result  appears  due  to  the  fact  that  Yp  is  a 
weak  function  of  x-  It  remains  to  be  seen  whether  this  will 
be  the  case  for  higher  Reynolds  number  flows  with  slower 
reaction  rates. 

The  accuracy  of  LELFM  was  found  to  degrade  with  in¬ 
creasing  activation  temperature.  This  is  due  to  the  fact 
that  as  T0  is  increased,  the  rate  of  reaction  decreases.  How¬ 
ever,  at  higher  activation  temperatures,  LELFM  is  much 
better  than  an  assumption  of  equilibrium  chemistry.  Fi¬ 
nally,  LELFM  was  demonstrated  to  be  much  better  than 
the  Means  Closure  at  predicting  filtered  reaction  rates. 
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INTRODUCTION 

The  understanding  of  turbulent  mixing  is  crucial  for  the 
improvement  of  many  systems,  as  combustion  and  propul¬ 
sion  devices,  chemical  processing  and  environmental  ap¬ 
plications.  Because  the  plane  turbulent  shear  layer  is  a 
generic  model  arising  in  these  systems,  it  has  been  studied 
for  several  decades.  It  is  now  generally  recognized  that  in 
this  flow,  entrainment  and  mixing  are  dominated  by  the 
dynamics  of  large-scale  vortical  structures,  even  at  high- 
Reynolds  number  (Brown  and  Roshko,  1974).  These  struc¬ 
tures  are  linked  to  the  Kelvin- Helmholtz  instability  mode, 
and  experiments  (Winant  and  Brownand,  1974)  showed 
that  pairings  and  tearing  among  them  contribute  signifi¬ 
cantly  to  the  layer’s  development.  A  secondary  instabil¬ 
ity  mode  associated  with  streamwise  vortical  structures, 
was  also  observed  in  the  mixing  layer  (Breidenthal,  1981). 
These  streamwise  vortices  play  a  role  in  the  development  of 
three  dimensionality,  since  they  become  part  of  the  span- 
wise  vortex  core  after  pairing.  As  the  mixing  layer  becomes 
more  three-dimensioned,  it  undergoes  a  transition  to  turbu¬ 
lence  (Breidenthal  1981).  This  transition  is  accompanied 
by  a  marked  increase  in  the  degree  of  scalar  mixing,  which 
corresponds  to  the  mixing  transition.  Taking  into  account 
these  results  and  the  large-scale  visualizations,  Broadwell 
and  Breidenthal  (1982)  developed  a  model  for  turbulent 
mixing,  past  this  mixing  transition.  The  basic  idea  is 
that  the  fluid  in  the  layer  is  in  either  a  homogeneous  mix¬ 
ture  or  in  strained  laminar  diffusion  layers.  Earlier  com¬ 
parisons  with  fast  chemical  reaction  experiments  in  both 
gazes  and  liquids  (Mungal  and  Dimotakis,  1984;  Kooches- 
fahani  and  Dimotakis,  1986;  Karasso  and  Mungal,  1996) 
gave  good  results.  However,  there  are  several  unanswered 
questions  regarding  the  contribution  of  the  different  parts 
of  the  model.  Past  the  mixing  transition,  the  Reynolds 
and  Schmidt  number  dependence  of  the  flame  sheet  is  only 
qualitatively  verified  by  the  experiments.  And  it  is  still 
unknown  in  which  way  the  streamwise  vortices  play  a  role 
during  the  mixing  transition,  and  what  is  their  contribution 
to  the  overall  level  of  mixing  past  the  mixing  transition. 

The  purpose  of  the  present  investigation  is  to  provide 
insight  on  these  issues  using  Large  Eddy  Simulation  at 
large  Reynolds  numbers.  Because  of  the  limited  capac¬ 


ity  of  the  computers,  an  explicit  calculation  of  the  large 
scales  cannot  be  simultaneously  ran  with  the  calculation 
at  smaller  scales.  As  the  velocity  field  is  concerned,  the 
Large  Eddy  Simulation  (LES)  consists  in  computing  ex¬ 
plicitly  the  largest  scales,  and  modeling  the  smallest  scales 
by  an  eddy  viscosity.  But  flows  with  chemical  reactions 
are  typical  of  problems  where  scalar  mixing  must  also  be 
described  at  all  scales.  In  this  work,  the  presumed  prob¬ 
ability  density  function  approach  (Gao  and  O’Brian  1993, 
Cook  and  Riley  1994)  is  considered  with  a  model  for  the 
sub-grid  scalar  variance  developed  by  the  authors  (Mathey 
and  Chollet,  1996). 


LARGE  EDDY  SIMULATION 

The  large  eddy  field  /,  explicitly  simulated  in  the  LES, 
can  be  obtained  from  its  full  field  by  using  a  filter  G  of 
specified  width  A  (typically  the  grid  mesh  size): 


f(x',  t)G(x'  —  x)dx' 


(1) 


By  applying  this  filter  to  the  compressible  Navier-Stokes 
equations,  we  obtain  a  set  of  equations  describing  the  evo¬ 
lution  of  the  resolved  part  of  the  flow.  The  unresolved 
quantities  which  appear  in  these  equations  are  the  sub¬ 
grid  stress  tensor  and  the  unresolved  enthalpy  flux  term. 
These  terms  can  be  modeled  by  an  eddy-viscosity  model. 
In  the  present  simulations,  we  used  the  dynamical  model 
of  Germano  et  al.  (1991),  extended  to  compressible  flows 
by  Moin  et  al.(1991).  In  this  model,  the  coefficients  are 
dynamically  estimated  by  introducing  a  test  filter,  with  a 
size  wider  than  the  size  of  the  filter  G.  If  the  grid  filter  is 
now  applied  to  the  scalar  (f)  evolution  equation,  we  get: 


dt.  - 

dt  +  Uk 


dx. 


-(?fc)+w(f)  (2) 


where  D  is  the  molecular  diffusivity.  The  last  two  terms 
of  the  right-hand  side  of  the  equation  (2),  the  unresolved 
scalar  fluxes  qk  and  the  filtered  reaction  rate  u>(£)  need  clo¬ 
sure  hypotheses.  First,  eddy-diffusivity  models  similar  to 
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eddy  viscosity  models  can  be  developed  for  the  unresolved 
flux  term: 

qk  =  fc£-UkI)  =  -Df^  (3) 

where  Dt  can  be  obtained  with  the  dynamical  procedure. 
The  second  term,  the  filtered  reaction  rate,  involves  strong 
correlations  between  concentrations  of  different  species, 
and  concentrations  and  temperature  in  case  of  heat  release. 
An  accurate  modeling  of  that  term  requires  the  knowledge 
of  the  sub-grid  field  structure.  Inspired  from  the  Reynolds 
averaged  approach  for  combustion,  one  can  model  w(£)  ac¬ 
cording  to  Gao  and  O’Brien  (1993)  : 

/•y>=+oo 

Z7(f;x,t)=  /  w(i(>)p(i>-,x,t)di>  (4) 

J  ip=  —  oo 

where  r/>  represents  the  probability  space  variable  corre¬ 
sponding  to  the  scalar  £  and  p()  the  sub-grid  p.d.f..  p() 
can  be  determined  by  solving  a  transport  equation,  but 
this  equation  needs  other  closure  hypotheses  and  can  sig¬ 
nificantly  increase  the  computational  cost.  A  less  expensive 
solution  is  to  presume  this  p.d.f  according  to  its  two  first 
moments  (f  and  £2)  and  the  beta  function.  Cook  and  Riley 
(1994)  have  suggested  to  evaluate  £2  according  to  a  scale 
similarity  model: 

-  — 2  —2  —2 

*2-€  =cf(t -O 


Figure  1:  Spectral  amplitude  associated  with  u(Ao), 
u(2Ao)  and  u(4Ao) 


assumption  of  infinite  rate  chemistry.  Equal  diffusivities 
are  assumed  for  the  species,  and  the  passive  scalar  trans¬ 
ported  with  this  hypothesis  is  the  Shvab-Zeldovich  mixture 
fraction  f .  The  product  concentration  Cv  can  be  evaluated 
from  the  mixture  fraction  by: 


Where  the  symbol  ~  corresponds  to  the  same  kind  of  test 
filter  used  in  the  dynamical  model  of  Germano  with  a  size 
wider  than  the  size  of  the  mesh.  But  different  values  for  c/ 
were  suggested  according  to  several  investigations  (Cook 
and  Riley,  1994;  Reveillon  and  Vervish,  1996;  Jimenez  et 
al.,  1996).  Mathey  and  Chollet  (1996)  suggest  a  model  for 
the  sub-grid  variance  without  any  adjustable  parameters, 
given  by: 


t12  —  a  A2 


(dLtdLt\ 

V  dx,  dx,  ) 


(5) 


where  L  is  a  high  pass  filter  (Laplacian)  applied  on  the 
scalar  field,  A  the  typical  size  of  the  mesh,  and  the  coeffi¬ 
cient  a  is  estimated  according  to: 


a  = 


(6) 


where  £2  —  £  is  the  equivalent  Leonard  term  for  the  scalar, 
which  is  expressing  thanks  to  an  equivalent  Germano  iden¬ 
tity.  M  is  the  model  formulation  given  in  equation  (5)  at 
the  level  of  the  grid  filter,  and  M*  its  counterpart  at  the 
level  of  the  test  filter. 


cp(0  =  f  if  £  <6t  (7) 

cp  =  (i  -  o  if  i> 

fstwherelst  —  t- — -  is  the  stoichiometric  mixture 

fraction,  and  Caoo  and  Cboo  are  the  free  stream  concen¬ 
trations.  The  presumed  p.d.f  approach  is  used  with  the 
model  for  the  sub-grid  scalar  variance  described  in  the  pre¬ 
vious  section.  The  filtered  product  concentration  is  then 
computed  according  to: 

_  r'P=+ °° 

Cp(£;x,t)=  /  CP(il>)pf3(ip-,x,t))diI>  (8) 

J  ip=  —  oo 

The  Reynolds  number  of  the  shear  layer,  based  on  the  ini¬ 
tial  vorticity  thickness  6;  and  the  velocity  difference  across 
the  layer  A U  is  equal  to  4000.  The  Schmidt  number 
Sc  =  is  equal  to  unity.  A  random  white  noise  is  super¬ 
posed  isotropically  on  the  initial  velocity  field  (hyperbolic- 
tangent),  with  an  amplitude  of  0.01  AU.  The  physical 
length  of  the  domain  is  1686;  x  886;  x  486;  in  the  stream- 
wise  (x),  vertical  (y)  and  spanwise  (z)  directions  of  the 
layer.  The  size  of  the  corresponding  computational  do¬ 
main  is  328  x  50  x  48.  The  unit  of  time  <*  is  defined  by 
2  6, 

AD¬ 


MIXING  AND  REACTION  IN  A  TURBULENT 
SHEAR  LAYER 

In  the  study  of  the  mixing  layer,  the  time-developing 
formulation  is  used,  because  it  makes  possible  the  Large 
Eddy  Simulation  of  the  reactive  mixing  layer  with  a  rea¬ 
sonable  computational  cost.  Except  for  some  differences 
which  will  be  afterwards  detailed,  the  evolution  of  a  spa¬ 
tially  developing  mixing  layer  is  expected  to  be  similar. 
The  compressible  Navier-Stokes  solver  (Gathmann,  1994) 
uses  the  Piecewise  Parabolic  Method  (Colella  and  Wood¬ 
wards,  1986),  and  the  filtered  equations  are  closed  by  the 
compressible  dynamical  model  (Moin  et  al.,  1993).  The 
monotonic  constraints  of  the  PPM  scheme  are  set  only 
when  the  flow  is  two  dimensional,  in  order  to  avoid  too 
much  numerical  dissipation.  The  chemical  reaction  in  the 
layer  is  the  irreversible  reaction  A  +  B—  >  P,  with  the 


Transition 

The  most  amplified  spanwise  wavelength  of  the  shear 
layer  Ao  «  86;  corresponding  to  the  Kelvin-Helmholtz  in¬ 
stability  is  found  to  be  in  sufficiently  good  agreement  with 
the  linear  stability  analysis  of  Miclialke  (1964).  Velocity 
spectral  amplitudes  for  the  fundamental  and  sub-harmonic 
modes  are  given  in  figure  (1).  As  shown  by  Huang  and  Ho 
(1990),  the  merging  parameter,  given  by  the  relation: 


is  found  to  be  approximately  equal  to  2,  4  and  6  when  the 
fundamental  and  sub-harmonic  modes  are  saturated  (i.e. 
at  the  time  of  roll-up  and  successive  pairing).  Huang  and 
Ho  (1990)  found  that  the  transition  to  the  fully  developed 
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Figure  2:  Kinetic-energy  spectrum  at  time  t*  =  10,30,50 
(x*  «  1,4,6) 


Figure  3:  Maximum  Reynolds  stress  uv  and  mean  velocity 
fluctuations  u'2,v'2,w12  (normalized  by  A u2)  versus  <* 


regime  correlates  with  the  number  of  pairings  of  the  large 
scale  vortices.  In  the  simulation,  the  small-scale  transition 
is  found  to  occur  between  the  first  and  the  second  pairing, 
as  it  is  shown  by  the  evolution  of  the  spectral  distribu¬ 
tion  of  the  kinetic  energy  in  figure  (2),  where  the  slope  of 
the  distribution  reaches  -5/3  for  t*  =  50  ( x *  ss  6).  The 
evolution  of  the  maximum  velocity  fluctuations  and  the 
maximum  Reynolds  stress,  from  the  beginning  to  the  end 
of  the  simulation,  are  given  in  figure  (3).  Velocity  fluc¬ 
tuations  and  Reynolds  stress  tend  towards  an  asymptotic 
value  for  <*  >  80,  which  characterizes  the  end  of  the  tran¬ 
sition.  The  amount  of  product  formed  in  the  layer  can  be 
characterized  by  the  normalized  product  thickness,  which 
is  defined  by: 


where  Cp  is  the  molar  product  concentration,  Coo  the  con¬ 
centration  in  the  free  stream,  and  8  the  visual  thickness 
of  the  layer,  defined  as  the  distance  between  the  point  at 
which  the  mean  product  concentration  rise  is  equal  to  1% 
of  the  maximum  mean  concentration.  As  shown  by  Brei- 
denthal  (1981),  8P  undergoes  a  transition  when  the  flow 
becomes  turbulent.  This  transition  shown  in  figure  (8)  is 
completed  for  t*  =  80.  As  pointed  out  by  Breidenthal 
(1981),  the  time  at  which  this  mixing  transition  is  com¬ 
pleted  correlates  well  with  the  time  at  which  the  velocity 
fluctuations  approach  there  asymptotic  values.  These  val- 


Figure  4:  Normalized  product  thickness  versus  t* 


Figure  5:  Mean  streamwise  velocity  profiles  for  t*  —  70  to 
120 


ues,  both  for  the  velocity  fluctuations  and  product  thick¬ 
ness  are  in  agreement  with  the  results  of  Bell  and  Metha 
(1990)  and  Mungal  and  Dimotakis  (1984)  (for  a  stoichio¬ 
metric  ratio  (f>  =  =  1). 

Self-similar  profiles 

Past  the  mixing  transition,  the  mean  velocity  profiles 
plotted  in  function  of  y/8m  (8m  the  momentum  thickness) 
are  self-similar  (figure  5).  At  the  end  of  the  simulation 
the  mean  velocity  fluctuation  profiles  (figure  6)  are  also 
self  similar,  and  in  good  agreement  with  the  experimental 
results  of  Bell  and  Metha  (1990). 

The  mean  product  concentration  profiles  versus  y *  = 
are  given  in  figure  (7).  These  profiles  are  in  good  agreement 
with  the  results  of  Mungal  and  Dimotakis  (1984). 

Up  to  now,  the  good  agreement  between  the  simulation 
and  experiments,  demonstrates  the  ability  of  the  Large 
Eddy  Simulation  to  reproduce  correctly  the  large  scale  ve¬ 
locity  field,  and  the  mixing  at  the  sub-grid  scales,  which 
are  responsible  for  the  large  scale  product  concentration. 
In  the  next  section,  the  physical  mechanisms,  responsible 
for  mixing  in  the  shear  layer,  are  studied  in  more  details. 

Mixing  and  the  Broadwell  and  Breidenthal  model 

The  evolution  of  the  volume  fraction  of  molecularly 
mixed  fluid  across  the  layer  can  be  studied  by  varying 
the  stoichiometric  ratio  <}>  =  ^°°  (Mungal  and  Dimo¬ 
takis,  1984;  Koochesfahani  and  Dimotakis,  1986;  hereafter 
respectively  referred  to  as  MD  and  KD).  The  figure  (8) 
gives  the  evolution  of  8p(<j>)  computed  in  the  simulation, 
for  t*  =  110. 

In  a  spatial  evolving  mixing  layer,  the  layer  entrains  more 
fluid  from  the  high-speed  side  than  from  the  low-speed  side. 
As  a  result,  the  normalized  product  thickness  depends  on 
the  choice  of  the  concentration  Coo  (equation  10).  Thus 
8P  can  evolve  in  two  different  ways  according  to  a  flip  ex¬ 
periment  (where  Coo  is  choosen  to  be  the  high  speed-side 
concentration  or  the  low  speed-side  concentration).  As  it 
is  expected  for  a  temporal  (symetric)  evolving  shear  layer, 
the  results  of  the  simulation  are  located  between  the  two 
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y/«m  y/6m 


Figure  6:  Mean  velocity  fluctuation  profiles:  comparison 
with  Bell  and  Metha  (l990)(symbols)  and  the  simulation  for 
<*  =  90,100,110 
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y/« 

Figure  7:  Mean  product  concentration  profile  for  <*  = 
80,90,100,110 


* 


Figure  8:  Normalized  product  thickness  versus  the  Stoi¬ 
chiometric  ratio  <t>.  Comparison  between  experiments  Mun- 
gal  and  Dimotakis  (1984)  and  the  Large  Eddy  Simulation 


results  of  MD. 

In  order  to  compute  this  quantity,  the  Broadwell  and 
Breidenthal  model  of  mixing  (Broadwell  and  Breidenthal, 
1982,  referred  to  as  B-B)  considers  that  the  fluid  in  the 
layer  is  in  two  states,  in  strained  laminar  diffusion  layers 
near  the  stagnation  point  in  the  braids,  and  in  a  homoge¬ 
neous  mixture  in  the  core  of  the  rolls.  In  the  latter,  the 
basic  idea  is  that  the  molecular  mixing  takes  place  at  the 
end  of  a  Kolmogorov-like  cascade  from  the  largest  to  the 
smallest  scales  of  the  flow.  When  the  scale  of  the  reac¬ 
tant  concentration  fluctuations  in  the  streams  reaches  the 
Bachelor’s  scale  A b,  the  time  required  for  diffusion  to  ho¬ 
mogenize  the  mixture  is  then  negligible  compared  to  the 
time  necessary  to  reach  A b-  According  to  this  mechanism, 
the  volume  fraction  of  molecularly  mixed  fluid  formed  in 
the  core  of  the  rolls  is  independent  of  the  Reynolds  and 
Schmidt  numbers.  If  the  reaction  is  fast  and  consists  of  a 
single  step  forward  process,  the  product  thickness  is  then 
directly  proportional  to  this  volume  fraction  of  molecularly 
mixed  fluid.  With  the  same  assumptions,  chemical  reac¬ 
tions  in  the  second  region,  the  laminar  diffusion  layers,  or 
flame  sheet,  can  be  treated  exactly  (Carrier  et  al.,  1975). 
Finally,  the  normalized  product  thickness  corresponding  to 
the  two  parts  of  the  flow  is  given  by  (Broadwell  and  Mun- 
gal,  1988): 

8P  —  Tr~7  +  B(<j>  +  l)e-A2(Sci?e)-1/2  (11) 

where  E  is  the  entrainment  ratio,  and  A  =  er/_1  (^y). 
The  first  term  in  the  right-hand  side  of  the  relation  gives 
the  constant  contribution  of  the  homogeneous  mixture. 
The  second  term  corresponds  to  the  flame  sheet  and  is 
Reynolds  and  Schmidt  dependent.  The  soundness  of  this 
model  decomposition  was  verified  by  experiments  in  gazes 
(MD),  and  in  liquids  (KD,  where  the  flame  sheet  contribu¬ 
tion  is  negligible). 

Similar  experiments  can  be  done  with  the  Large  Eddy 
Simulation  by  using  a  filter,  which  decomposes  the  flow 
into  two  regions,  regions  of  concentrated  vorticity,  and  re¬ 
gions  of  strain  dominance.  It  is  expected  that  these  two 
regions  correspond  respectively  to  the  homogeneous  and 
flame  sheet  parts  of  the  B-B  model.  This  filter  is  based 
on  a  local  comparison  between  vorticity  and  rate  of  strain. 
The  results  are  given  in  figure  (9),  where  the  contribution 
of  the  homogeneous  and  flame  sheet  parts  to  8P  are  referred 
to  as  6ph  and  6pf  (and  then  8P  =  8ph  +  8pj).  With  A  and 
B  fixed,  the  B-B  model  prediction  given  in  equation  (11) 
can  be  compared  with  the  Large  Eddy  Simulation  results. 
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Figure  9:  Contribution  of  the  flame  sheet  6Pf  and  the  ho¬ 
mogeneous  region  kph  to  the  product  thickness  &p.  Com¬ 
parison  with  the  Large  Eddy  Simulation  and  the  B-B 
Model  at  t*  =  110 


For  the  two  parts  of  the  flow,  the  symbols  of  the  simula¬ 
tion  are  in  good  agreement  with  the  curve  of  the  model.  In 
the  region  dominated  by  rotation,  8Ph  first  increases  until 
<t>  ~  2,  and  then  reaches  approximately  a  constant  level. 
The  asymptotic  value  of  8ph  (0.16)  is  in  the  range  of  the 
results  of  KD  in  water.  Thus,  the  B-B  model  decomposi¬ 
tion  of  the  flow  is  directly  linked  to  the  large  scale  vortical 
structures. 

Mixing  transition 

In  this  last  section,  two  questions  are  addressed.  First, 
despite  the  fact  that  the  model  ignores  vortex  pairing  and 
streamwise  vortices,  it  gives  very  good  results  past  the  mix¬ 
ing  transition.  This  suggests  that  the  homogeneous  part 
of  the  model  takes  into  account  both  the  contribution  of 
the  streamwise  vortices  and  the  primary  Kelvin-Helmholtz 
structures.  Second,  if  during  the  transition,  one  can  expect 
that  the  flame  sheet  contribution  remains  the  same,  as  it  is 
a  laminar  contribution,  on  the  contrary,  the  contribution  of 
the  Kelvin-Helmholtz  structures  which  undergo  successive 
pairing,  and  the  streamwise  vortices  which  become  more 
and  more  dynamically  active,  is  badly  known. 

In  order  to  separate  the  contribution  of  the  spanwise 
and  streamwise  vortices,  during  and  past  the  transition,  a 
second  filter  is  used  which  locates  the  roller  and  braid  re¬ 
gions.  This  filter  is  the  R-diagnostic  proposed  by  Rogers 
and  Moser  (1994).  Thanks  to  this  filter,  and  the  filter 
presented  in  the  previous  section,  the  contribution  of  the 
streamwise  vortices  in  the  braids  ( 8pvb ),  and  the  contri¬ 
bution  of  the  rollers  (8phjt)  are  studied  separatly  (with 
8ph  =  8phR  +  8phb)-  Theses  quantities  are  given  in  fig¬ 
ure  (10)  during  and  past  the  transition  (for  </>  =  1).  The 
more  important  result  is  that  for  the  flow  considered,  the 
mixing  transition  is  mainly  due  to  the  increasing  contribu¬ 
tion  of  the  streamwise  vortices.  Indeed  8phb  increases  until 
t*  >  60,  where  it  reaches  a  constant  value  when  the  mix¬ 
ing  transition  is  completed.  On  the  other  hand,  8phR,  the 
contribution  of  the  Kelvin-Helmholtz  structures,  is  almost 
constant  during  the  transition,  except  for  a  small  jump 
near  t *  =  60.  At  the  beginning  of  the  simulation,  the 
layer  is  two-dimensional,  and  the  product  is  distributed 
along  the  material  interface  that  originally  separates  the 


two  streams.  It  is  distorted  during  roll-up  in  a  series  of 
spiraling  sheets.  In  this  situation,  the  evolution  of  the  vol¬ 
ume  fraction  of  mixed  fluid  is  given  by  Corcos  and  Sherman 
(1984),  and  indeed  the  results  of  their  2D  simulation,  are 
similar  to  the  earlier  development  of  8phr-  The  earlier  de¬ 
velopment  of  SPhB  can  be,  described  by  the  model  of  Lin 
and  Corcos  (1984).  The  streamwise  vortices,  submitted 
to  a  constant  strain,  collapse  to  form  the  counter-rotative 
vortex  pair  only  if  their  circulation  are  strong  enough  (the 
collapse  criterion).  Only  collapsed  vortices  are  able  to  wind 
material  surfaces  around  their  centers.  As  a  result,  the 
volume  fraction  of  mixed  fluid,  or  8phB,  starts  to  increase 
when  this  collapse  criterion  is  verified,  after  the  roll-up 
(<*  ss  15)  in  the  simulation.  When  the  vortices  have  col¬ 
lapsed,  the  volume  fraction  of  mixed  fluid  is  directly  linked 
to  their  circulation.  As  shown  by  (Mosers  and  Rogers, 
1993),  this  circulation  increases  as  the  layer  evolves,  which 
explains  the  evolution  of  8phB- 


Figure  10:  Contribution  of  the  spanwise  8phb  and  stream- 
wise  8phR  vortex  structures  to  the  total  normalized  product 
thickness  associated  with  the  homogeneous  region  8Ph 

For  t *  a:  60,  8phR  undergoes  a  small  transition.  This 
transition  correlates  with  the  small  scales  transition  for 
the  velocity  field  shown  figure  (2).  Past  this  small  scales 
transition,  both  8phR  and  8phb  become  constant,  as  it  is  ex¬ 
pected  when  the  homogeneous  part  of  the  flow  corresponds 
to  the  streamwise  and  spanwise  vortex  structures. 


Figure  11:  Evolution  of  the  total  flame  sheet  contribution 
8pj  and  the  flame  sheet  contribution  in  the  braids  8p/b 
with  the  Reynolds  number 

Concerning  the  flame  sheet  contribution  8Pf,  the  B-B 
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model  predict  a  Reynolds  and  Schmidt  dependence  trough 
the  relation  given  in  equation  (11).  The  evolution  of  8pf 
and  6pjb  (contribution  of  the  braids  to  8pf)  with  Re  are 
given  in  figure  (11).  The  correct  behaviour  (f»  Re~1/2)  is 
obtained  only  for  8pfB-  Indeed,  the  B-B  model  hypothe¬ 
sis  for  the  flame  sheet  is  verified  at  the  stagnation  point 
of  the  layer,  where  the  flame  sheet  separates  the  two  free 
streams.  This  stagnation  point  corresponds  to  the  braids 
contribution  8p}b,  whereas  8pf  =  8pjb  +8pjr  involves  the 
contribution  of  both  8pfg  and  the  strained  diffusion  layers 
8PjR  in  the  periphery  of  the  Kelvin-Helmholtz  vortex  core, 
which  are  not  taken  into  account  by  the  model.  The  slope 
-1/2  is  reached  by  8pjb  before  that  the  second  pairing  has 
occured.  These  results  provide  insight  on  experimental  re¬ 
sults  (Hermanson  and  Mungal,  1985)  showing  a  Log{Re) 
dependence  for  the  total  normalized  product  thickness  8P 
past  the  mixing  transition.  In  these  experiments,  the  con¬ 
tribution  of  the  flame  sheet  cannot  be  separatly  taken  into 
account.  This  contribution  together  with  the  contribution 
of  the  other  parts  of  the  flow  which  evolve  in  a  different 
way,  could  be  responsible  for  the  observed  log(Re)  depen¬ 
dence. 

Conclusion 

In  this  study,  it  as  been  shown  that,  a  large  eddy  simu¬ 
lation  of  a  reactive  turbulent  shear  layer  can  be  conducted 
without  any  adjustable  parameter.  The  shear  layer  was 
simulated  from  the  beginning  of  the  transition  to  a  self- 
similar  state.  Past  the  mixing  transition,  the  product  con¬ 
centration  field  computed  by  the  simulation  was  compared 
with  the  model  decomposition  of  the  flow,  suggested  by 
Broadwell  and  Breidenthal  (1982).  It  is  found  that  regions 
of  concentrated  vorticity  correlate  with  the  homogeneous 
part  of  the  model,  whereas  the  strain  dominance  regions 
correlates  with  the  strained  diffusion  layers.  As  expected, 
the  amount  of  product  formed  in  the  homogeneous  region 
is  found  to  be  independent  on  the  local  Reynolds  number 
(for  the  small  range  considered),  whereas  the  flame  sheet 
contribution  in  the  stagnation  point  between  the  rolls  de¬ 
creases  as  Re-1/2. 

For  the  Schmidt  number  considered  (Sc  =  1),  it  is  found 
that  the  mixing  transition  starts  with  the  growing  contri¬ 
bution  of  the  streamwise  vortices,  before  the  small  scales 
transition  occurs.  On  the  contrary,  the  amount  of  product 
formed  in  the  spanwise  vortex  cores  undergoes  a  transition 
with  the  small  scales  transition  of  the  velocity  field.  How¬ 
ever,  the  resulting  increase  in  the  total  amount  of  product 
is  small  compared  to  the  streamwise  vortices  contribution. 

Acknowledgments 

The  numerical  calculations  were  carried  out  on  the 
CRAY  C98  of  the  IDRIS  (CNRS)  and  on  the  CRAY  C94 
of  the  CENG  computing  centers. 

REFERENCES 

Bell,  J.,  Metha,  R.,  1990,  “Development  of  a  two-stream 
mixing  layer  from  tripped  and  untripped  boundary  layers” , 
AIAA  Journal  Vol.  28,  2034-2042. 

Breidenthal,  R.,  1981,  “Structure  in  turbulent  mixing 
layers  and  wakes  using  chemical  reaction”,  J.  Fluid  Mech. 
Vol.  109,  1-24. 

Broadwell,  J.E.,  Breidenthal,  R.E.,  1982,  “A  simple 
model  of  mixing  and  chemical  reaction  in  a  turbulent  shear 
layer”,  J.  Fluid  Mech.  Vol.  125,  397-410. 

Broadwell,  J.E.,  Mungal,  M.G.,  1988,  “Molecular  mixing 
and  chemical  reactions  in  turbulent  shear  layers”,  Twenty- 
Second  Symposium  (International.)  on  Combustion,  The 
Combustion  Institute,  579-587. 

Brown,  G.L.,  Roshko,  A.,  1974,  “On  density  effects  and 
large  structure  in  turbulent  mixing  layers”,  J.  Fluid  Mech. 
Vol.  64,  No.  4,  775-816. 


Carrier,  G.F.,  Fendell,  F.E.,  Marble,  F.E.,  1975,  “The  ef¬ 
fect  of  strain  rate  on  diffusion  flames”,  SIAM  J.Appl.Math. 
Vol.  28,  No.  2,  463-500. 

Colella,  P.,  Woodward,  P.R.,  1984,  “The  piecewise 
parabolic  method  for  gas-dynamical  simulations”,  J. 
Comp.  Phys.  Vol.  54,  174-201. 

Corcos,  G.M.,  Sherman,  F.S.,  1984,  “The  mixing  layer: 
deterministic  models  of  a  turbulent  flow.  Part  1.  Introduc¬ 
tion  and  the  two-dimensional  flow”,  J.  Fluid  Mech.  Vol. 
139,  29-65. 

Cook,  A.W.,  Riley,  J.  J.,  1994,  “A  subgrid  model  for  equi¬ 
librium  chemistry  in  turbulent  flows”,  Phys.  Fluids  Vol.  6 
(No.  8),  2868-2870. 

Gao,  F.,  O’Brien,  E.E.,  1993,  “A  large-eddy  simulation 
scheme  for  turbulent  reacting  flows”,  Phys.  Fluids  A  Vol. 
5,  1282-1284. 

Gathmann,  R.J.,  1993,  “Analyse  d’ecoulements  super- 
soniques  et  reactifs  par  simulation  numerique  instation- 
naire  tridimensionnelle” ,  These  de  l’Universite  Joseph- 
Fourier  -  Laboratoire  des  Ecoulements  Geophysiques  et  In¬ 
dust  riels. 

Germano,  M.,  Piomelli,  U.,  Moin,  P.,  Cabot,  W.H.,  1991, 
“A  dynamic  sub-grid-scale  eddy  viscosity  model”  ,  Phys. 
Fluids  A  Vol.  3,  1760-1765. 

Huang,  L.S.,  Ho,  C.M.,  1990,  “Small-scale  transition  in 
a  plane  mixing  layer”,  J.  Fluid  Mech.  Vol.  210,  475-500. 

Jimenez,  J.,  Linan,  A.,  Rogers,  M.M.,  Higuera,  F.J., 
1996,  “A-priori  testing  of  sub-grid  models  for  chemically 
reacting  non-premixed  turbulent  shear  flows”,  Center  of 
Turbulent  Research,  Proceedings  of  the  Summer  Program. 

Karasso,  P.S.,  Mungal,  M.G.,  1996,  “Scalar  mixing  and 
reaction  in  plane  liquid  shear  layers”  J.  Fluid.  Mech.  Vol. 
323,  23-63. 

Koochesfahani,  M.M.,  Dimotakis,  P.E.,  1986,  “Mixing 
and  chemical  reactions  in  a  turbulent  liquid  mixing  layer” , 
J.  Fluid.  Mech.  Vol.  170,  83-112. 

Lin,  S.J.,  Corcos,  G.M.,  1984,  “The  mixing  layer:  deter¬ 
ministic  models  of  a  turbulent  flow.  Part  3.  The  effect  of 
plane  strain  on  the  dynamics  of  streamwise  vortices”,  J. 
Fluid.  Mech.  Vol.  141,  139-178. 

Mathey,  F.,  Chollet,  J.P.,  1996,  “Sub-grid  Model  of 
Scalar  Mixing  for  Large  Eddy  Simulations  of  Turbulent 
Flows”,  The  Second  ERCOFTAC  Workshop  on  Direct  and 
Large  Eddy  Simulation  ,  Grenoble. 

Michalke,  A.,  1964,  “On  the  inviscid  instability  of  the 
hyperbolic  tangent  velocity  profile”,  J.  Fluid  Mech.  Vol. 
19,  543-556. 

Moin,  P.,  Squires,  K.,  Cabot,  W.,  Lee,  S.,  1991,  “A  dy¬ 
namic  subgrid-scale  model  for  compressible  turbulence  and 
scalar  transport”,  Phys.  Fluids  A  vol.  3,  2746-2757. 

Moser,  R.D.,  Rogers,  M.M.,  1993,  “The  three- 

dimensional  evolution  of  a  plane  mixing  layer:  pairing  and 
transition  to  turbulence”,  J.  Fluid  Mech.  Vol.  247,  275- 
320. 

Mungal,  M.G.,  Dimotakis,  P.E.,  1984,  “Mixing  and  com¬ 
bustion  with  low  heat  release  in  a  turbulent  shear  layer”, 
J.  Fluid  Mech.  Vol.  148,  349-382. 

Mungal,  M.G.,  Hermanson,  J.C.,  Dimotakis,  P.E.,  1985, 
“Reynolds  Number  effects  on  Mixing  and  Combustion  in  a 
Reacting  Shear  Layer”,  AIAA  Journal  Vol.  23  (9),  1418- 
1423. 

Reveillon,  J.,  Vervish,  L.,  1994,  ’’Modele  proba- 

biliste  de  sous-maille  pour  la  combustion  turbulente  non- 
premelangee” ,  Actes  du  Xlleme  congres  de  mecanique,  Vol. 
2,  413-416. 

Rogers,  M.M.,  Moser,  R.D.,  1994,  ’’Direct  simulation  of 
self-similar  turbulent  mixing  layer”,  Phys.  Fluids  Vol.  6 
(No.  2),  903-923. 

Winant,  C.D.,  Browand,  F.K.,  1974,  “Vortex  pairing: 
The  mechanism  of  turbulent  mixing-layer  growth  at  mod¬ 
erate  Reynolds  number”,  J.  Fluid  Mech.  Vol.  63,  No.  2, 
237-255. 


16-24 


A  PRIORI  TESTING  OF  SUBGRID-SCALE  MODELS  IN 
ANISOTROPIC  HOMOGENEOUS  TURBULENCE 


Anurag  Juneja  and  James  G.  Brasseur 
Department  of  Mechanical  Engineering 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 
USA 


ABSTRACT 

One  of  the  major  challenges  in  modeling  the  resolved- 
scale-subgrid-scale  (RS-SGS)  dynamics  in  large-eddy  sim¬ 
ulation  (LES)  of  the  atmospheric  boundary  layer  (ABL) 
occurs  near  the  ground,  a  region  characterized  by  strong 
shear-  and  buoyancy-induced  anisotropies,  where  pressure 
transport  is  important,  and  where  integral  scale  motions 
are  significantly  under-resolved.  By  contrast,  all  exist¬ 
ing  subgrid-scale  (SGS)  closures  have  been  formulated  as¬ 
suming  well-resolved  integral  scale  motions  and  locally 
isotropic  turbulence  at  the  filter  cutoff.  Moreover,  defi¬ 
ciencies  in  the  model  for  SGS  stress  are  amplified  in  the 
prediction  of  SGS  pressure  through  a  Poisson  equation.  To 
examine  the  reasons  for  the  failure  of  existing  SGS  mod¬ 
els  in  under-resolved  anisotropic  turbulence  and  the  role 
of  SGS  pressure  in  the  evolution  of  resolved  fields,  we  use 
direct  numerical  simulation  (DNS)  datasets  of  shear-  and 
buoyancy-generated  homogeneous  turbulence  and  compare 
the  actual  and  modeled  RS-SGS  dynamics  at  several  loca¬ 
tions  of  the  filter  cutoff  for  the  classical  Smagorinsky  clo¬ 
sure  and  its  “dynamic”  variants.  We  find  that  the  under¬ 
lying  assumption  of  eddy-viscosity  models,  that  the  devia- 
toric  part  of  the  subgrid  stress  tensor  is  well  aligned  with 
the  resolved  strain  rate  tensor,  is  a  poor  approximation. 
More  importantly,  the  structure  of  the  SGS  stress  diver¬ 
gence,  which  directly  evolves  the  resolved  velocity  field,  is 
poorly  predicted  by  the  Smagorinsky  and  dynamic  mod¬ 
els,  although  there  is  some  improvement  with  the  dynamic 
model.  These  models  predict  a  strong  preference  in  direc¬ 
tion  for  SGS  stress  divergence  which  does  not  exist  in  real¬ 
ity.  Pressure  effects  are  under-predicted  by  the  Smagorin¬ 
sky  closure,  while  the  dynamic  model  leads  to  errors  in 
the  anisotropic  structure  of  SGS  pressure  gradient.  Be¬ 
cause  both  SGS  stress  divergence  and  SGS  pressure  gra¬ 
dient  directly  affect  the  evolution  of  the  resolved  velocity, 
these  shortcomings  contribute  to  the  deficiencies  of  LES  in 
under-resolved  anisotropic  turbulence. 

INTRODUCTION 

Beginning  with  the  pioneering  work  of  Lilly  (1967)  and 


Deardorff  (1970),  large-eddy  simulation  has  become  wc 
established  as  an  important  tool  for  turbulence  research 
atmospheric  (Wyngaard  and  Moeng,  1993)  and  engineering 
(Reynolds,  1990)  applications.  The  objective  of  LES  is  to 
compute  the  three-dimensional  time- dependent  details  of 
only  the  largest  scales  of  motion  and  use  a  simple  model 
to  parameterize  the  effects  of  smaller  scales.  To  do  so,  the 
velocity  field  «;  is  decomposed  into  a  resolvable  (u”)  and 
a  subgrid  ( u‘ )  part  by  means  of  a  filtering  operation: 

<(*)  =  J  Ui(x')G(x-x')dx',  (1) 

u'i(x)  =  «i(x) -u-(x),  (2) 

where  G(x)  is  the  filter  function  defining  the  grid  filter. 
The  evolution  equations  for  the  resolved-scale  velocity,  ob¬ 
tained  by  filtering  the  Navier-Stokes  equations,  are 


durj 

dxi 

=  o, 

(3) 

diuWiY 

-  ldPr+„d2< 

dry 

(4) 

dxj 

p  dxi  dxjdij 

dxj  ’ 

where  the  subgrid-scale  stress  ry  =  («,«,- )r— (u”uj)r  repre¬ 
sents  the  contribution  of  the  SGS  motions  to  the  evolution 
of  the  resolved-scale  velocity. 

Traditionally  the  SGS  stress  has  been  modeled  by  relat¬ 
ing  it  to  the  resolved  strain  rate  Sy  through  an  eddy  viscos¬ 
ity:  rt“  =  —2utSij ,  where  r,“  is  the  deviatoric  part  of  the 
SGS  stress  tensor  (r,“  =  ry  —  (l/3)r*,*,<5y ).  Smagorinsky’s 
(1963)  formulation  that  the  eddy  viscosity  vt  —  Cl$v ,, 
where  l,  is  the  characteristic  length  of  the  subgrid-scale  mo¬ 
tions  and  ve  the  corresponding  characteristic  velocity,  is  the 
basis  of  the  most  commonly  used  SGS  models.  Whereas 
the  SGS  constant  of  proportionality,  C,  was  determined 
theoretically  by  Lilly  (1967)  for  locally  isotropic  turbu¬ 
lence  with  the  filter  cutoff  in  the  inertial  range,  it  has  been 
found  necessary  to  make  modifications  by  reducing  C  sig¬ 
nificantly  in  shear  flows  (Deardorff,  1970),  including  ad-hoc 
damping  functions  in  the  near-wall  regions  of  plane  channel 
flows  (Moin  and  Kim,  1972),  or  using  intermittency  func¬ 
tions  that  effectively  set  the  constant  to  zero  in  the  early 
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stages  for  transitional  flows  (Piomelli  and  Zang,  1991).  On 
the  other  hand,  Germano  et  al.  (1991)  used  resolved-scale 
information  to  devise  a  dynamic  procedure  for  obtaining 
the  constant  of  proportionality,  which  led  to  better  agree¬ 
ment  of  LES  with  experiments  in  transitional  and  fully  tur¬ 
bulent  channel  flows.  Mason  and  Thomson  (1992)  showed 
that  the  addition  of  a  stochastic  backscatter  term  to  the 
Smagorinsky  closure  improved  the  mean  shear  profiles  near 
the  surface  in  planetary  boundary  layers,  while  Sullivan  et 
al.  (1994)  achieved  similar  improvement  by  incorporating 
a  two-part  eddy  viscosity  formulation. 

The  popularity  of  the  Smagorinsky  model  stems  from 
its  simplicity  and,  more  importantly,  the  insensitivity  of 
resolved-scale  statistics  to  the  details  of  subgrid-scale  clo¬ 
sure  when  the  integral  scales  are  well  resolved.  In  par¬ 
ticular  when  the  closure  is  calibrated  to  yield  the  correct 
net-energy  flux  from  the  resolved  to  the  subgrid  scales 
for  the  filter  cutoff  in  the  locally  isotropic  inertial  range, 
the  low-order  statistics  of  resolved  scale  motions  are  not 
strongly  influenced  by  the  model,  and  the  Smagorinsky  clo¬ 
sure  yields  reasonable  predictions  of  integral  scale  motions. 
In  applications  such  as  the  atmospheric  boundary  layer,  the 
integral  scales  in  the  near-ground  and  capping-inversion  re¬ 
gions  are  under-resolved  while  dominated  by  strong  shear 
and  buoyancy-induced  anisotropies  and  pressure  transport 
dynamics.  Here  the  RS-SGS  dynamics  affects  the  integral 
scale  motions  directly  and  eventually  dominates  the  evolu¬ 
tion  of  the  resolved  velocity  (Brasseur  et  al.,  1996).  When 
this  happens,  the  demands  on  a  good  SGS  model  not  only 
requires  that  the  net  energy  flux  be  right  but  also,  at  some 
reasonable  level,  the  local  flux  and  acceleration  vector. 

Our  long-term  goal  is  to  develop  improved  subgrid-scale 
closures  for  the  near-ground  surface  layer  in  large-eddy  sim¬ 
ulation  of  the  atmospheric  boundary  layer.  Because  the 
integral  scales  are  under  resolved  and  strongly  anisotropic 
in  these  regions,  we  must  first  explore  the  reasons  for  the 
failure  of  existing  SGS  models  by  examining  actual  and 
modeled  SGS-RS  dynamics  from  simulations  which  incor¬ 
porate  these  features.  To  do  so,  we  use  direct  numeri¬ 
cal  simulation  (DNS)  datasets  of  homogeneous  buoyancy- 
driven  turbulence  and  homogeneous  shear-flow  turbulence, 
and  compute  the  actual  and  modeled  subgrid  terms  at  sev¬ 
eral  locations  of  the  filter  cutoff. 

This  “ a  prior?1  testing,  pioneered  by  Clark  et  al.  (1979), 
offers  the  ability  to  probe  the  physical  content  of  a  model 
by  comparing  exact  SGS  terms  with  model  prediction  lo¬ 
cally  and  instantaneously.  To  date,  a  priori  testing  has 
mostly  been  employed  to  examine  the  correlations  between 
actual  and  modeled  stresses  in  homogeneous  isotropic  tur¬ 
bulence  by  Clark  et  al.  (1979),  McMillan  and  Ferziger 
(1980),  and  Meneveau  (1994),  among  others.  Because  the 
SGS  stress  tensor  is  modeled  from  resolved  fields  deter¬ 
ministically  thereby  missing  the  stochastic  nature  of  small- 
scale  turbulence,  any  such  model  must  necessarily  yield  low 
correlations  in  a  priori  testing.  Hence  it  is  our  opinion  that 
correlations  do  not  provide  an  accurate  barometer  of  model 
performance. 

We  focus  instead  on  whether  the  model  can  replicate 
some  of  the  important  local  and  statistical  features  of  the 
actual  SGS  stress  tensor.  In  anisotropic  turbulence,  this 
implies  that  we  ask  whether  the  modeled  SGS  stress  ten¬ 
sor  exhibits  anisotropies  similar  to  the  actual  SGS  stress 
tensor.  Noting  that  the  SGS  stress  divergence,  rather  than 
SGS  stress,  directly  influences  the  evolution  of  resolved  ve¬ 
locity,  we  compare  the  actual  and  modeled  SGS  stress  di¬ 
vergence  as  well. 

The  errors  in  the  model  for  SGS  stress  can  be  amplified 
by  the  SGS  pressure  gradient,  given  that  SGS  pressure  is 
from  Tij  through  a  Poisson  equation.  SGS  pressure  gra¬ 
dient  is  particularly  important  near  boundaries.  Conse¬ 


quently,  we  examine  the  role  of  SGS  pressure  gradient  and 
analyze  the  relative  contributions  of  pressure  gradient  and 
stress  divergence  to  the  evolution  of  resolved  velocity. 

BACKGROUND  AND  OBJECTIVES 

We  examine  the  performance  of  the  Smagorinsky  and 
dynamic  models  in  shear-  and  buoyancy-generated  homo¬ 
geneous  turbulence  by  evaluating  the  extent  to  which  the 
models  are  successful  in  predicting  the  desirable  features 
of  SGS  stress  tensor,  SGS  stress  divergence,  and  SGS  pres¬ 
sure  gradient.  In  this  section,  we  present  an  overview  of 
the  SGS  models,  LES  equations,  and  the  specific  protocols 
of  analyses  used  in  this  study. 

The  Smagorinsky  model  closes  the  deviatoric  part  of  the 
SGS  stress  tensor: 

Tij  =  —  2i 'tSlj,  (5) 

where  Sy  is  the  resolved  rate  of  strain  tensor: 


and  the  eddy  viscosity  vt  is  given  by 

vt  =  CA2|S7j|.  (7) 

The  characteristic  length  scale  of  SGS  motions,  A,  is  usu¬ 
ally  set  equal  to  the  grid  filter  width  A  =  (AZAVAZ)1/3, 
where  A*,  Av  and  A*  are  the  grid  filter  scales  in  the  x,  y 
and  z  direction  respectively.  The  constant  of  proportional¬ 
ity  in  Eq.  (7)  was  theoretically  determined  by  Lilly  (1967), 
to  be  C  ss  0.04,  and  we  use  this  value  in  our  analyses. 

In  the  dynamic  model  by  Germano  et  al.  (1991), 
resolved-scale  information  from  the  LES  fields  is  used  to 
determine  C  locally  in  space  and  time.  This  is  achieved 
by  test-filtering  the  resolved  scale  velocity  at  a  scale,  Af , 
larger  than  the  grid  filter  scale.  Denoting  the  test-filtered 
velocity  as  uTt,  the  subtest-scale  stress  is  Tij  =  (uiUj)Tt  — 
(u((tij‘)r£.  The  assumption  that  the  Smagorinsky  model 
can  be  used  to  parameterize  both  the  subtest-scale  stress 
and  the  subgrid-scale  stress  with  the  same  C  locally,  leads 
to 


C(x,t) 


(RkiRki)  ’ 


(8) 


where  Lij  =  (u^i ij)Tt  -  (ur,tUjt)Tt  and  R,j  = 
— 2(A‘)2|Sr/|S?/  +  (2A2|S&|S&)*  can  be  determined  com¬ 
pletely  from  the  resolved  fields.  It  has  been  customary 
to  perform  the  averaging  in  Eq.  (8)  in  the  homogeneous 
directions  during  LES.  In  our  implementation,  C  was  cal¬ 
culated  using:  (i)  no  averaging,  (ii)  averaging  along  a  line, 
(iii)  averaging  on  a  plane;  the  averaging  in  (ii)  and  (iii)  was 
performed  along  lines  or  planes  perpendicular  to  the  direc¬ 
tion  of  gravity  in  buoyant  flow  or  the  direction  of  mean 
gradient  in  shear  turbulence.  We  obtained  qualitatively 
similar  model  performance  in  all  three  cases. 

Only  the  deviatoric  part  of  the  SGS  stress  is  modeled, 
and  its  trace  is  included  in  a  redefinition  of  the  resolved 
pressure,  pr  =  pr  +  jT**,  so  that  the  momentum  equa¬ 
tion  (4)  becomes 


dui  djuWiY  1  df  0V  dr 5 

dt  dxj  p  dxi  dxjdxj  dxj  '  ' 


The  modified  pressure  is  determined  from  the  following 
Poisson  equation: 


d2pT  _  _  _d_  f  d(urj uTj)r 
dxjdxj  p dxi  ^  dxj 


d2uTi 
V - - — 

dxjdxj 


+ 


d£\ 

dxj  ) 


.(10) 
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The  resolved  pressure  pr  can  be  decomposed  into  contri¬ 
butions  involving  only  resolved  velocity  (pjj)  and  contribu¬ 
tions  involving  the  SGS  stress  (ps ): 


pT  =  PR  +  ps-  (11) 

Absorbing  the  trace  of  the  SGS  stress  tensor  into  a  redefi¬ 
nition  of  the  subgrid  component  yields  pr  =  pr  +ps  where 
ps  =ps  +  5TJH,  and 


d^PR 

dxjdxj 

92ps 

dxjdxj 


Finally,  we  rewrite  Eq.  (9)  such  that  all  subgrid  (i.e.,  mod¬ 
eled)  terms  appear  on  the  right  hand  side: 


du\  djuWiY  1  dPR  ay  l  dps  dr* 
dt  dij  p  dn  V dxjdxj  p  dxi  dx, 

With  this  background,  we  summarize  the  specific  issues 
investigated  in  this  study: 

1.  Actual  vs.  modeled  r,“:  The  ability  of  the  SGS  model 
to  accurately  predict  the  actual  SGS  stress  is  evalu¬ 
ated  in  terms  of:  (a)  local  alignment  between  the  ten¬ 
sors  on  a  point-by-point  basis,  and  (b)  global  agree¬ 
ment  in  the  statistical  structure  of  the  tensors. 

To  investigate  whether  the  modeled  SGS  stress  is  lo¬ 
cally  well  aligned  with  the  actual  quantity,  we  com¬ 
pute  the  angles,  <j>  and  6,  through  which  the  principal 
axes  of  modeled  SGS  stress  tensor  must  be  rotated 
to  make  them  coincident  with  the  principal  axes  of 
actual  SGS  stress  tensor. 

A  good  SGS  closure  should  replicate  primary  statisti¬ 
cal  features  of  the  actual  SGS  stress.  We  compare  the 
root  mean  square  (rms)  values  of  actual  SGS  stress 
tensor  components  (denoted  by  a  prime)  with  those 
predicted  by  the  model.  In  anisotropic  turbulence,  it 
can  be  expected  that  rf/  ^  i1  t$3',  and  we  exam¬ 
ine  whether  the  modeled  stress  exhibits  anisotropies 
similar  to  the  actual  stress. 

2.  Actual  vs.  modeled  Ai  =  dr^/dxj :  The  local  align¬ 
ment  between  the  divergence  of  actual  and  modeled 
tensors  can  be  expected  to  be  different  from  the  align¬ 
ment  between  the  tensors.  We  quantify  this  alignment 
by  computing  the  angle  <f>  through  which  the  modeled 
acceleration  vector  A,  must  be  rotated  to  make  it  co¬ 
incident  with  the  actual  Ai. 

To  investigate  whether  the  closure  accurately  predicts 
some  of  the  statistical  features  of  the  actual  SGS  stress 
divergence,  we  compare  the  rms  values  of  actual  and 
modeled  Ai  and  examine  whether  they  exhibit  similar 
anisotropies. 

3.  Role  of  SGS  pressure  gradient  Gi  =  (1  Jp)dps/dn: 
Both  SGS  pressure  gradient  and  SGS  stress  diver¬ 
gence  influence  the  evolution  of  resolved  velocity 
(Eq.  14).  We  compute  the  component  rms  of  the 
actual  and  modeled  SGS  pressure  gradient,  and  com¬ 
pare  it  with  the  component  rms  of  SGS  stress  diver¬ 
gence.  To  quantify  their  relative  importance  locally, 
we  compute  the  ensemble  mean  of  the  ratio  of  the  two 
terms: 

flail)-  (I5> 


In  accordance  with  the  type  of  filter  commonly  used  in 
actual  large  eddy  simulations,  we  also  use  a  cubic  filter 
in  spectral  space,  which  contains  kc  wavenumber  modes 
in  each  direction,  to  define  the  resolved  and  subgrid  fields 
from  our  numerical  datasets. 

NUMERICAL  DATASETS 


Homogeneous  Buoyancy-generated  Turbulence 

To  generate  buoyancy-driven  turbulence,  we  followed  the 
technique  of  Batchelor  et  of.  (1992),  whereby  the  flow  is 
created  by  specifying  homogeneous  random  fluctuations  in 
the  density  of  a  stationary  infinite  fluid  at  the  initial  in¬ 
stant,  using  the  Boussinesq  approximation  for  the  grav¬ 
ity  force.  We  use  a  parallel  implementation  of  a  DNS 
code(Juneja  and  Pope,  1996)  extended  from  that  devel¬ 
oped  by  Rogallo  (1981)  to  solve  the  Navier-Stokes  equa¬ 
tions  pseudo-spectrally  on  a  cubic  three-dimensional  grid. 
Whereas  the  equations  are  solved  in  spectral  space  to  retain 
high  accuracy  in  spatial  derivatives,  the  bilinear  products 
required  for  the  convective  terms  are  computed  in  phys¬ 
ical  space.  De-aliasing  is  carried  out  by  a  combination 
of  phase  shifts  and  truncation,  and  the  viscous  terms  are 
treated  exactly.  Explicit  second-order  Runge-Kutta  is  used 
to  advance  in  time  and  periodic  boundary  conditions  are 
applied  in  all  directions  on  a  cubic  1283  grid.  The  calcula¬ 
tions  were  carried  out  on  the  Cray-T3D  at  the  Pittsburgh 
Supercomputing  Center. 

Buoyancy  generated  flow  of  this  kind  has  a  well  defined 
birth,  a  quasi-stationary  intermediate  state,  and  eventual 
death  as  the  initial  density  fluctuations  are  smoothed  out 
by  the  action  of  molecular  diffusion.  We  employed  the  mid¬ 
dle  stages  of  the  evolution  for  the  analysis  of  SGS  model 
performance.  Figure  1  shows  the  one-dimensional  spectra 
of  the  three  velocity  components  at  the  time  of  analysis 
(the  buoyancy  force  is  in  the  x3  direction).  At  this  instant, 
the  anisotropy  in  the  intensity  of  the  three  velocity  com¬ 
ponents  is  such  that  rms  of  w,  denoted  by  w',  is  twice  as 
large  as  u  and  v'.  Further,  the  integral  length-scale  of  to 
in  the  x3  direction,  denoted  by  lw3,  is  also  twice  as  large  as 
f„i  and  f„2.  The  dashed  lines  in  the  figure  show  the  filter 
cutoffs  used  in  this  study. 


Figure  1:  1-D  energy  spectrum  of  velocity  components  in 
buoyancy-generated  turbulence. 


Homogeneous  Shear  Flow  Turbulence 
The  datasets  of  homogeneous  shear  flows  were  gener¬ 
ated  by  Lin  (1993),  who  also  used  a  pseudospectral  al¬ 
gorithm  on  a  periodic  1283  rectangular  grid  correspond¬ 
ing  to  physical  dimensions  of  2L  x  L  x  L  in  the  x,  y, 
and  z  directions  respectively.  The  mean  velocity  is  in 
the  x  direction  and  the  mean  gradient  in  the  y  direction. 
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The  cubic  filter  cutoff  for  this  flow  is  specified  in  terms 
the  number  of  wavenumber  modes  in  the  shorter  (y  or 
z)  directions.  At  the  time  of  analysis,  the  anisotropy  in 
the  intensity  and  length-scale  of  the  three  velocity  com¬ 
ponents  is  such  that  v' /v!  =  0.61,  w'/u'  —  0.75  and 

lv2/lui  =  1-32,  Iws/lui  =  0.62.  While  the  anisotropies  in 
this  flow  are  not  as  pronounced  as  in  buoyancy-generated 
turbulence,  it  provides  an  opportunity  to  examine  potential 
differences  in  the  performance  of  an  SGS  model  between 
anisotropic  buoyancy  and  shear  dominated  turbulence. 

RESULTS  AND  DISCUSSION 
We  describe  our  results  on  the  performance  of  SGS  mod¬ 
els  in  buoyancy-generated  turbulence  as  a  function  of  filter 
cutoff  location,  and  compare  with  results  obtained  in  shear 
flow  turbulence. 

Actual  vs.  Modeled  SGS  Stress 
Let  <f>  be  the  angle  required  to  align  the  principle  longi¬ 
tudinal  strain  axes  of  the  modeled  and  actual  r£,  and  6 
the  angle  of  the  second  rotation  required  to  fully  align  the 
tensors.  The  values  <f>  =  0  and  6  =  0  would  imply  a  per¬ 
fect  alignment  between  the  two  tensors  locally.  Figure  2 
shows  that  the  probability  density  functions  (pdf)  of  <j>  and 
0  have  broad  distributions  over  a  range  of  angles  using  the 
Smagorinsky  closure.  This  lack  of  alignment  is  consistent 
with  the  existence  of  significant  backscatter  of  energy  from 
subgrid  to  resolved  scales,  since  the  local  flux  of  energy 
from  the  resolved  to  subgrid  scales  is  given  by  (per¬ 
fect  alignment  would  imply  that  rySL  is  positive  definite). 
We  also  found  that  the  location  of  the  filter  cutoff  or  the 
type  of  flow  has  only  minor  effects  on  the  alignment. 


Figure  2:  Probability  density  function  of  the  angles  <p  and 
6  which  quantify  the  alignment  of  actual  and  modeled  SGS 
stress  tensor,  for  Smagorinsky  model  at  kc  =  4. 

The  rms  values  of  the  actual  and  modeled  SGS  stress 
tensor  components  in  buoyancy-generated  turbulence  are 
listed  in  Table  1.  (We  did  not  compute  the  SGS  stress  using 
the  dynamic  model  at  kc  =  4).  We  find  that  the  anisotropy 
of  the  modeled  SGS  stress  tensor  is  similar  to  that  of  the 
actual  SGS  stress  tensor,  since  tSs' /rfi  ~  t33  /r22  and 
T\2  / 7 iz  ~  Ti2  !t23  in  all  cases.  As  expected,  r,“ '  is  largest 
if  i  or  j  is  in  the  direction  of  w  (the  velocity  component 
with  the  largest  intensity  and  lengthscale).  This  was  also 
true  at  other  locations  of  the  filter  cutoff  (kc  =  16  and 
kc  =  32)  in  buoyancy-generated  turbulence. 

In  shear  flow  turbulence,  the  anisotropy  in  the  SGS 
stress  tensor  components  is  not  as  pronounced  (just  as 
the  anisotropy  in  intensity  and  length-scale  of  the  velocity 
is  not  very  pronounced).  Nevertheless,  both  SGS  models 
predict  the  same  ratios  of  component  rms  as  the  actual 


kc 

component 

actual 

Smag. 

dynamic 

_a  / 
rll 

0.045 

0.061 

- 

_o  / 
r22 

0.045 

0.061 

- 

4 

_a  t 
r33 

0.080 

0.095 

- 

_a  / 
r12 

0.021 

0.037 

. 

_a  t 
r13 

0.038 

0.071 

- 

l 

T23 

0.037 

0.072 

- 

_a  / 

T11 

0.018 

0.018 

0.013 

_a  t 
t22 

0.018 

0.018 

0.013 

8 

-o  t 
r33 

0.031 

0.027 

0.020 

_a  / 
r12 

0.010 

0.012 

0.008 

_a  t 
r13 

0.017 

0.021 

0.015 

_°  t 
^23 

0.017 

0.021 

0.015 

Table  1:  Component  rms  of  actual  and  modeled  SGS 
stress  in  homogeneous  buoyancy-driven  turbulence. 


SGS  stress  tensor.  Hence  we  can  conclude  that  both  the 
Smagorinsky  and  dynamic  models  will  likely  predict  the 
global  anisotropy  of  the  SGS  stress  tensor  reasonably  well 
in  LES  of  anisotropic  turbulence. 

Actual  vs.  Modeled  SGS  Stress  Divergence 
We  computed  the  angle  <p  between  the  actual  find  mod¬ 
eled  SGS  stress  divergence  to  quantify  the  local  alignment 
between  the  vectors.  The  pdf  of  </>,  for  Smagorinsky  model 
at  kc  =  4,  is  shown  in  Figure  3.  Similar  pdfs  were  ob¬ 
tained  at  other  filter  cutoff  locations,  suggesting  that  the 
Smagorinsky  model  does  not  correctly  predict  the  direction 
of  the  SGS  contribution  to  acceleration  locally. 


Figure  3:  Pdf  of  the  angle  <j>  between  actual  and  Smagorin¬ 
sky  modeled  SGS  divergence  vector  at  kc  =  4. 

Interestingly,  whereas  the  average  SGS  stress  tensor  is 
strongly  anisotropic  in  buoyancy-driven  turbulence,  SGS 
stress  divergence  is  found  to  be  only  mildly  anisotropic. 
The  ratios  of  component  rms,  A'2/A'i  and  A'3/A\,  at  dif¬ 
ferent  filter  cutoff  locations  in  buoyancy-generated  turbu¬ 
lence  are  listed  in  Table  2.  At  kc  =  4,  we  find  that 
~  A'2  ~  A!3  for  the  actual  SGS  stress  divergence, 
whereas  the  Smagorinsky  model  predicts  a  strong  pref- 
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H 

ratio 

actual 

Smag. 

dynamic 

4 

a'2/a\ 

1.01 

1.00 

_ 

ms 

1.03 

4.34 

_ 

8 

wm 

0.98 

1.21 

wsm 

3.52 

2.25 

16 

a2/ax 

0.94 

0.95 

1.09 

mm 

0.67 

3.44 

2.52 

quantity 

i 

actual 

Smag. 

dynamic 

1 

0.099 

0.094 

0.062 

G'i 

2 

0.096 

0.091 

0.208 

3 

0.076 

0.099 

0.287 

1 

0.162 

0.062 

0.072 

A 

2 

0.163 

0.062 

0.086 

3 

0.131 

0.224 

0.161 

Table  2:  Ratio  of  component  rms  for  actual  and  mod¬ 
eled  SGS  stress  divergence  at  different  filter  cutoff  lo¬ 
cations  in  buoyancy-generated  turbulence. 


kc 

ratio 

actual 

Smag. 

dynamic 

8 

a'2/a\ 

0.84 

0.44 

0.68 

a'3/a\ 

1.08 

0.87 

1.40 

12 

AM 

1.01 

0.51 

0.62 

A'3/A[ 

1.21 

0.96 

1.06 

16 

A2/A1 

1.07 

0.56 

0.80 

A'3/A\ 

1.14 

1.01 

1.07 

Table  3:  Ratio  of  component  rms  for  actual  and  mod¬ 
eled  SGS  stress  divergence  at  different  filter  cutoff  lo¬ 
cations  in  shear  flow  turbulence. 


erence  of  Ai  in  the  direction  of  w,  as  A'3/A\  ~  4.3  and 
A'3 /A'2  ~  4.3.  When  the  filter  cutoff  is  moved  to  smellier 
scales,  the  actual  A'3  decreases  slightly  relative  to  A\  and 
A!2.  By  contrast,  both  the  Smagorinsky  and  dynamic  mod¬ 
els  predict  that  A'3  is  much  larger  than  the  other  two  com¬ 
ponents  (although  the  dynamic  model  is  better  than  the 
Smagorinsky  model). 

A  similar  result  is  found  in  our  analysis  of  shear  flow 
turbulence  (Table  3).  Recalling  that  t//u'  ~  0.6  for 
this  case,  the  Smagorinsky  and  dynamic  models  predict 
that  at  kc  =  8,  the  ratio  A'2/A'i  is  0.44  and  0.68  respec¬ 
tively,  whereas  in  reality  Ai  is  not  strongly  anisotropic 
(Al2/A\  =  0.84).  As  before,  the  dynamic  model  offers  some 
improvement  over  the  standard  Smagorinsky  model.  This 
result  is  also  confirmed  at  other  filter  cutoff  locations  ana¬ 
lyzed. 

These  results  are  interesting  in  that  they  suggest  that 
when  anisotropic  integral  scales  are  poorly  resolved,  the 
influence  of  SGS  motions  on  RS  dynamics  may  be  roughly 
isotropic,  on  average.  Consequently,  a  model  such  as 
Smagorinsky,  which  directly  couples  SGS-RS  dynamics  to 
large-scale  anisotropy,  may  lead  to  spurious  over-prediction 
of  resolved  scale  amisotropy. 

Role  of  SGS  Pressure  Gradient 

The  evolution  of  resolved  velocity  is  directly  influenced 
by  the  SGS  stress  divergence  Ai  and  SGS  pressure  gra¬ 
dient  Gi  (Eq.  14).  The  model  for  SGS  stress  determines 


Table  4:  Comparison  of  component  rms  of  SGS  pres¬ 
sure  gradient  Gi  and  SGS  stress  divergence  A,-  in  ho¬ 
mogeneous  buoyancy-generated  turbulence  at  kc  =  8. 


both  (Eq.  13).  Thus  errors  in  SGS  stress  appear  both  in 
Ai  and  Gi.  We  compare  the  anisotropic  structure  of  actual 
and  modeled  (?,,  and  examine  whether  the  Smagorinsky 
and  dynamic  models  correctly  predict  the  relative  mag¬ 
nitudes  of  the  two  SGS  contributions  to  the  evolution  of 
resolved  velocity. 

In  table  4,  we  list  the  component  rms  of  Gi  and  Ai  in 
buoyancy-generated  turbulence  at  kc  =  8.  The  anisotropic 
structure  of  Gi  is  such  that  G'2)G\  ~  1.0  and  G'3/G\  ~ 
0.76.  We  find  that  the  Smagorinsky  model  yields  rea¬ 
sonable  prediction  of  G'i,  and  its  anisotropic  structure 
(G'2/G'i  ~  1.0  and  G'3/G\  ~  1.0).  However,  the  dynamic 
model  leads  to  significantly  higher  values  of  G2  and  G'3, 
as  well  as  incorrect  anisotropic  structure  of  Gi  because  we 
find  that  G'2/G'i  ~  3.3  and  G'3/G'i  ~  4.6.  A  comparison  of 
G'i  and  A\  shows  that  whereas  pressure  gradients  are  less 
than  stress  divergence  in  reality,  both  Smagorinsky  and  dy¬ 
namic  models  overpredict  Gj  relative  to  A'  in  two  of  the 
three  components.  More  importantly,  the  relative  values 
of  G'i  and  A'  are  poorly  predicted  by  both  closures. 

The  local  ratio  of  the  magnitudes  of  Ai  and  Gi  can  be 
quantified  by  the  parameter  r  (Eq.  15).  We  find  that,  in 
both  buoyancy-generated  turbulence  and  shear  flow  tur¬ 
bulence,  r  «  2.0,  whereas  the  Smagorinsky  model  pre¬ 
dicts  that  r  «  5.0  at  all  filter  cutoff  locations.  The  over¬ 
prediction  of  A'i  in  the  direction  of  velocity  with  largest 
intensity  by  the  Smagorinsky  model  may  be  responsible 
for  the  mismatch  in  r.  On  the  other  hand,  the  dynamic 
model  yields  r  «  2.0  in  agreement  with  the  correct  ratio. 
The  cause  for  this  agreement  may,  however,  be  due  to  the 
over-prediction  of  G(-  locally  by  the  dynamic  model,  as  just 
discussed. 

Given  the  importance  of  pressure  transport  near  bound¬ 
aries  where  integral-scales  are  often  under-resolved,  the 
above  analysis  suggests  that  both  the  Smagorinsky  and 
dynamic  models  may  cause  errors  in  the  evolution  of  re¬ 
solved  fields  in  wall-bounded  flows,  as  found  by  Khanna 
and  Brasseur  (1997)  in  LES  of  the  atmospheric  boundary 
layer. 

CONCLUSIONS 

We  have  examined  the  performance  of  the  Smagorinsky 
and  dynamic  models  in  anisotropic  turbulence  through  a 
detailed  comparison  of  modeled  and  actual  SGS  quantities 
using  DNS  datasets  of  homogeneous  buoyancy-generated 
turbulence  and  homogeneous  shear  flow  turbulence. 

We  find  that  the  local  alignment  between  the  actual 
and  modeled  SGS  stress  tensor  is  poor.  However,  the 
anisotropy  in  the  rms  values  of  the  SGS  stress  tensor  com- 
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ponents  is  correctly  predicted  by  both  the  Smagorinsky 
and  dynamic  models  regardless  of  the  filter  cutoff  location. 

We  also  find  poor  alignment  locally  between  the  ac¬ 
tual  and  modeled  SGS  stress  divergence  vectors.  Further¬ 
more,  the  anisotropic  structure  of  the  SGS  stress  diver¬ 
gence  predicted  by  the  models  is  incorrect.  Both  Smagorin¬ 
sky  and  dynamic  models  predict  a  strong  preference  of  the 
SGS  stress  divergence  vector  to  point  in  the  direction  of 
the  resolved  velocity  component  with  the  largest  intensity, 
whereas  in  reality,  when  a  preferred  direction  exists  (higher 
wavenumber  filter  cutoffs) ,  it  is  in  the  other  two  directions. 

The  relative  local  importance  of  the  SGS  pressure  gradi¬ 
ent  when  compared  to  the  SGS  stress  divergence,  is  under¬ 
predicted  by  the  Smagorinsky  closure,  while  the  dynamic 
model  leads  to  the  incorrect  anisotropic  structure  of  the 
SGS  pressure  gradient  term. 

Because  the  contributions  from  the  SGS  terms  to  the 
evolution  of  resolved  velocity  dominate  when  the  filter  cut¬ 
off  lies  near  the  energy-containing  range,  these  models  can 
lead  to  errors  in  LES  of  anisotropic  turbulence. 
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ABSTRACT 

We  present  new  experimental  results  concerning  the  dy¬ 
namics  of  a  pair  of  counter-rotating  vortices.  The  flow  was 
studied  in  water  using  detailed  visualization  and  quantita¬ 
tive  measurements  via  digital  particle  image  velocimetry. 
We  focus  on  two  features  observed  in  our  experiments:  1.  a 
long-wavelength  instability,  including  the  associated  phe¬ 
nomenon  of  vortex  reconnection,  for  which  precise  com¬ 
parisons  with  theoretical  predictions  and  numerical  simula¬ 
tions  are  carried  out,  and  2.  a  short-wavelength  instability 
occurring  above  a  certain  critical  Reynolds  number,  whose 
spatial  structure  and  symmetry  is  analyzed  here  for  the 
first  time  experimentally.  The  interaction  between  the  two 
instabilities  is  found  to  result  in  an  efficient  destruction  of 
the  large-scale  vortical  structures. 

INTRODUCTION 

The  dynamics  of  a  pair  of  parallel  counter-rotating  vor¬ 
tices  has  been  the  object  of  a  large  number  of  studies  in  the 
last  three  decades.  The  continued  interest  in  this  flow  is, 
to  a  great  extent,  due  to  its  relevance  to  the  problem  of  air¬ 
craft  trailing  wakes,  whose  far  field  is  primarily  composed 
of  such  a  pair.  For  large  modern  aircraft,  these  vortices 
can  reach  considerable  strengths  and  represent  a  danger 
for  following  aircraft,  especially  smaller  ones,  due  to  the 
rolling  moment  they  induce.  Knowledge  about  the  dynam¬ 
ics  and  decay  characteristics  of  the  large-scale  organised 
vortex  motion  is  therefore  strongly  needed.  An  account  on 
recent  developments  in  this  field  can  be  found  in  the  pro¬ 
ceedings  of  the  latest  NATO  AGARD  Wake  Symposium 
(NATO  1996).  In  addition  to  this  practical  aspect,  the 
counter-rotating  vortex  pair  also  represents  one  of  the  sim¬ 
plest  flow  configurations  for  the  study  of  elementary  vortex 
interactions,  which  can  yield  useful  information  for  our  un¬ 
derstanding  of  the  dynamics  of  more  complex  transitional 
or  turbulent  flows. 

A  prominent  feature  of  this  flow,  leading  to  the  decay 
of  the  pair,  is  a  long-wavelength  wavy  instability,  which 
can  frequently  be  observed  in  the  sky  (see,  e.g.,  the  pho¬ 
tographs  shown  in  Van  Dyke  1982).  The  first  theoretical 
analysis  of  this  phenomenon  was  made  by  Crow  (1970). 
He  showed  that  the  mutual  interaction  of  the  two  vor¬ 


tices  can  lead  to  an  amplification  of  sinusoidal  displace¬ 
ment  perturbations,  whose  axial  wavelength  is  typically 
several  times  the  initial  vortex  separation  distance.  The 
vortex  displacements  are  symmetric  with  respect  to  the 
mid-plane  between  the  two  vortices,  and  they  lie  in  planes 
inclined  approximately  45°  with  respect  to  the  line  joining 
the  vortices.  The  origin  of  this  instability  is  linked  to  the 
balance  between  the  stabilizing  effect  of  self-induced  rota¬ 
tion  of  the  perturbations  and  the  destabilizing  influence  of 
the  strain  field  that  each  vortex  induces  at  the  location 
of  its  neighbour.  A  good  description  of  this  mechanism  is 
given  by  Widnall,  Bliss  &  Tsai  (1974). 

Observations  of  full-scale  aircraft  wakes  indicate  that, 
when  the  amplitude  of  the  long-wavelength  perturbation 
grows  large  enough  so  that  the  vortex  cores  touch,  the 
pair  breaks  up  into  an  array  of  vortex  rings  via  a  cross- 
linking,  or  reconnection,  of  vorticity.  Precise  analyses  of 
this  interesting  phenomenon,  which  involves  a  change  in 
the  topology  of  the  vortex  lines,  have  mainly  been  achieved 
by  numerical  simulations,  the  experimental  results  avail¬ 
able  so  far  being  rather  qualitative  (see  the  review  by  Kida 
&  Takaoka  1994).  In  the  present  investigation,  we  obtain 
quantitative  results  concerning  vortex  reconnection,  as  well 
as  the  late  stages  of  the  long-wavelength  instability. 

Motivated  by  Crow’s  (1970)  work,  Widnall  et  al.  (1974) 
and  Tsai  &  Widnall  (1976)  proposed  a  second  mechanism 
for  instability  in  flows  with  strained  concentrated  vortices, 
of  which  the  counter-rotating  vortex  pair  is  one  example. 
It  involves  more  complex  perturbations  leading  to  internal 
deformations  of  the  vortex  cores;  their  axial  wavelength 
scales  on  the  vortex  core  diameter  and  is  typically  less 
than  the  initial  separation  of  the  pair.  As  for  the  Crow 
instability,  no  detailed  observations  or  measurements  con¬ 
cerning  this  short-wave  instability  in  controlled  laboratory 
experiments  can  be  found  in  the  literature. 

EXPERIMENTAL  SET-UP  AND  TECH¬ 
NIQUES 

In  our  experiments,  vortex  pairs  were  generated  in  a  wa¬ 
ter  tank  at  the  sharpened  parallel  edges  of  two  flat  plates, 
hinged  on  one  side  to  a  common  base  and  moved  in  a  pre¬ 
scribed  symmetric  way  by  a  computer-controlled  step  mo- 
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Figure  1:  Visualization  of  the  large-scale  vortex  pair  insta¬ 
bility  for  Re  —  1450,  a/b  =  0.23,  and  A/6  =  5.4.  Top:  front 
view  at  f  =  5.3,  the  pair  is  moving  towards  the  observer. 
Middle  and  bottom:  simultaneous  front  and  side  views  at 
t’  =  9.3.  In  the  latter  image  the  vortices  move  down. 


tor.  The  vortices  are  typically  separated  by  a  distance  of 
2-3  cm,  and  their  length  is  approximately  170  cm.  This 
high  aspect  ratio  of  the  pair  is  necessary  to  minimize  the 
influence  of  end  effects  that  spread  rapidly  into  the  central 
part  of  the  flow.  Visualization  is  achieved  using  fluorescent 
dye,  illuminated  by  laser  light.  The  vortex  pair  character¬ 
istics,  i.e.  the  circulation  T,  the  core  radius  a,  and  the 
vortex  spacing  6,  are  found  from  flow  field  measurements 
using  Digital  Particle  Image  Velocimetry  (DPIV).  The  ini¬ 
tial  distribution  of  vorticity  was  found  to  be  approximately 
Gaussian,  and  values  of  a/b  are  typically  in  the  range  0.20- 
0.25.  Other  measurements  concerning  the  spatial  structure 
and  the  growth  rates  of  the  instability  were  obtained  from 
image  analysis  of  flow  visualizations  recorded  on  video. 
The  Reynolds  number  is  based  on  the  initial  vortex  cir¬ 
culation  (Re  =  Tali',  v-  kinematic  viscosity),  and  lies  in 
the  range  1000-3000  in  this  study.  More  details  about  the 
experimental  conditions  are  given  in  Leweke  &  Williamson 
(1997a, b). 

LARGE-SCALE  INSTABILITY  AND  RE¬ 
CONNECTION 

The  dye  visualizations  in  Fig.  1  shows  the  general  fea¬ 
tures  of  the  large-scale  instability  observed  for  all  Reynolds 
numbers  in  a  counter-rotating  vortex  pair.  It  leads  to  a 
growing  waviness  of  the  initially  straight  and  parallel  vor¬ 
tices,  which  is  symmetric  with  respect  to  the  central  plane 
of  the  pair  and  has  an  axial  wavelength  of  several  times  the 
vortex  separation  (Fig.  1  top).  Simultaneous  views  from 
two  perpendicular  directions  show  that  the  plane  of  the 
wavy  perturbation  is  inclined  by  approximately  45°  with 
respect  to  the  plane  of  the  initial  vortex  pair,  confirming 
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Figure  2:  Growth  rate  of  the  Crow  instability  as  function 
of  axial  wavelength.  Round  symbols  represent  experimental 
measurements  made  in  the  range  1500  <  Re  <  2500.  The 
instability  could  not  be  forced  at  wavelengths  marked  by  a 
square  symbol.  The  line  shows  the  theoretical  prediction  for 
a/b  =  0.25,  which  is  representative  for  all  experiments. 


Crow’s  (1970)  theoretical  prediction.  The  amplitude  of  the 
waves  continues  to  increase  until  the  cores  of  the  vortices 
touch  and  cross-link  to  form  an  array  of  three-dimensional 
vortex  rings.  Figure  1  (top)  shows  the  flow  shortly  before 
the  end  of  the  reconnection  process.  At  later  times,  the 
rings  elongate  into  oval  vortices,  seen  in  Fig.  1  (middle  and 
bottom)  from  two  directions.  The  side  view  reveals  that 
the  rings  are  linked  by  thin  strands  of  dyed  fluid.  The  oval 
rings  exhibit  a  well-known  oscillatory  behaviour  (Lim  & 
Nickels  1995),  due  to  their  varying  curvature;  they  remain 
very  energetic  until  they  reach  the  bottom  of  the  water 
tank.  It  is  worth  noting  that,  despite  the  significant  change 
in  the  vortex  geometry  and  topology,  the  average  transla¬ 
tion  (or  descent)  speed  of  the  vortices  remains  practically 
unchanged  during  and  after  the  reconnection. 

Here  and  in  the  following,  time  t  is  measured  from  the 
start  of  the  plate  motion,  and  non-dimensionalized  by  the 
time  it  takes  the  fully  developed  initial  vortex  pair  to  move 
one  vortex  spacing  6: 


f*  =  t 


To 

2nb2 


(1) 


The  linear  growth  rate  of  the  instability  was  measured  for 
different  axial  wavelengths  A,  which  could  be  imposed  on 
the  flow  using  a  slight  modulation  of  the  vortex-generating 
plate  edges.  This  method  had  the  additional  advantage 
of  controlling  the  phase  of  the  wavy  perturbation  along 
the  axial  direction.  Therefore,  the  vortex  centers  could  be 
visualized  simultaneously  by  two  laser  light  sheets  placed 
precisely  in  the  planes  of  maximum  and  minimum  sepa¬ 
ration,  yielding  the  perturbation  amplitude  as  a  function 
of  time.  The  measured  growth  rates  are  shown  in  Fig.  2. 
They  are  compared  to  the  theoretical  prediction  that  can 
be  derived  from  the  work  of  Crow  (1970)  and  Widnall  et  al. 
(1971)  for  the  present  case.  This  prediction  involves  pre¬ 
cise  information  about  the  initial  velocity  profiles  of  the 
vortices,  which,  in  our  case,  were  obtained  bv  DPIV  mea¬ 
surements.  Fig.  2  shows  good  agreement  between  theory 
and  experiment. 

The  reconnection  process  was  also  studied  in  detail  using 
visualizations  and  velocity  measurements  in  the  reconnec¬ 
tion  plane,  i.e.  the  plane  perpendicular  to  the  vortex  axes 
where  the  the  vortices  are  closest  to  each  other  and  where 
the  “pinching-off”  occurs.  The  minimum  separation  be¬ 
tween  the  vortices  decreases  rapidly  during  the  non-linear 
growth  of  the  Crow  instability  (see  Fig.  3),  up  to  the  time 
when  the  cores  start  to  overlap  and  the  cross-linking  be- 
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Figure  3:  Evolution  of  the  minimum  vortex  spacing  at  Re  = 
2560.  The  four  stages  leading  to  the  formation  of  vortex 
rings  are:  (1)  the  vortex  generation  (moving  plates),  (2)  the 
linear  and  (3)  non-linear  growth  of  the  Crow  instability,  and 
(4)  overlapping  cores  and  reconnection. 


Figure  5:  Evolution  of  the  circulation  in  the  reconnection 
plane  at  Re  =  2340,  and  definition  of  the  reconnection  time. 
Results  for  left  and  right  vortex  are  represented  by  different 
symbols. 


x  [cm] 


Figure  4:  Contours  of  axial  vorticity  wz  in  the  reconnection 
plane  at  Re  =  2340  and  t'  =  5.2.  The  pair  is  moving  down. 
Contours  are  separated  by  Aw,  =  1.85  (ro/27r62). 


gins.  During  this  process,  the  distance  between  the  vor¬ 
tex  centers  remains  approximately  constant  at  about  15% 
of  the  initial  spacing,  wheras  the  distribution  of  vorticity 
changes  quite  drastically.  Fig.  4  shows  the  axial  vorticity  in 
the  reconnection  plane  at  the  same  (non-dimensional)  time 
as  in  Fig.  1  (top).  The  measurements  show  that  the  ini¬ 
tially  more  or  less  axisymmetric  vortices  flatten  out  during 
reconnection  and  develop  a  tail. 

From  vorticity  distributions  like  in  Fig.  4  one  can  deter¬ 
mine  the  time-dependent  circulation  around  each  vortex 
in  the  reconnection  plane.  The  result  is  given  in  Fig.  5. 
After  the  initial  vortex  formation  (plate  motion  ends  at 
t  =  1.3),  the  circulation  remains  approximately  constant. 
During  the  cross-linking  process,  it  decreases,  first  slowly, 
but  then  quite  rapidly,  until  it  reaches  a  level  of  about 
10%  of  the  initial  vortex  circulation.  It  then  continues  to 
decrease,  but  much  slower,  and  the  vorticity  distribution 
recovers  its  approximately  circular  shape.  These  measure¬ 
ments  confirm  that  the  dye  filaments  in  Fig.  1  that  link 
the  vortex  rings  at  late  times  correspond  indeed  to  threads 
of  vorticity  which  still  contain  a  noticeable  fraction  of  the 
initial  circulation. 

Following  Melander  &  Hussain  (1989),  one  can  use  the 
circulation  history  to  define  a  characteristic  reconnection 
time  (see  Fig.  5),  which,  in  our  experiments  is  found  to  be 
approximately  trc  =  1. 


In  their  numerical  simulations,  Melander  &  Hussain 
(1989),  as  well  as  Shelley  et  al.  (1993),  used  as  initial  condi¬ 
tion  a  perturbed  vortex  pair  which  is  very  close  to  the  flow 
developing  as  a  result  of  the  Crow  instability.  Their  re¬ 
sults  concerning  vorticity  distributions  and  circulation  are 
qualitatively  similar  and  are  confirmed  by  our  experimen¬ 
tal  measurements. 


SMALL-SCALE  INSTABILITY  AND  TRAN¬ 
SITION 

At  higher  Reynolds  numbers,  a  second  instability  devel¬ 
ops  in  the  vortex  pair  at  the  same  time  as  the  Crow  insta¬ 
bility,  but  it  has  an  axial  wavelength  of  less  than  one  vortex 
separation.  The  close-up  visualization  of  the  vortex  pair  in 
Fig.  6  shows  the  general  features  of  this  short-wavelength 
instability.  The  corresponding  perturbation  has  a  much 
more  complicated  spatial  structure  than  the  sinusoidal  dis¬ 
placement  of  the  long-wavelength  instability.  From  Fig.  6 
it  is  clear  that  it  involves  a  modification  of  the  internal 
structure  of  the  vortex  cores.  Although  the  vortex  centers, 
marked  by  bright  dye  filaments,  are  again  perturbed  into 
a  wavy  shape,  one  observes  the  existence,  in  each  vortex, 
of  a  dye  layer  which  remains  unchanged.  Inside  and  out¬ 
side  of  this  invariant  stream  tube,  fluid  is  displaced  in  op¬ 
posite  radial  directions.  Simultaneous  visualizations  from 
two  perpendicular  directions  reveal  that  the  sinusoidal  dis¬ 
placements  of  the  vortex  centers  again  lie  in  planes  inclined 
by  45°  with  respect  to  the  plane  of  the  pair,  i.e.  they  are 
oriented  in  the  direction  of  the  mutually  induced  strain  in 
the  vortex  cores. 

The  above  observations  strongly  suggest  that  this  short- 
wavelength  instability  is  linked  to  an  instability  occurring 
in  flows  with  elliptical  streamlines,  which  is  a  flow  resulting 
from  the  interaction  of  a  rotational  flow  and  a  plane  strain. 
In  the  present  case,  it  is  found  in  the  cores  of  the  vortices. 
From  theoretical  studies  treating  this  phenomenon  (Land- 
man  &  Saffmann  1987,  Waleffe  1990),  one  can  deduce  the 
following  expression  for  the  growth  rate  a  of  the  short- 
wavelength  instability  for  the  vortex-pair  flow  (Leweke  & 
Williamson  1997a): 


r /2nb2 
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Re  (A/6)2' 

This  relation  shows  that,  for  a  given  wavelength  A,  the 
instability  only  occurs  above  a  critical  Reynolds  number 
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Figure  6:  Close-up  view  of  the  short-wavelength  perturbation,  showing  the  characteristic  internal  deformations;  as  well  as  the 
distinct  phase  relationship  between  the  two  vortices.  Re  =  2750,  t *  =  6.2. 


Figure  7:  Side  view  of  the  "leading  edge”  secondary  vortex  pairs,  visualized  in  the  plane  of  symmetry  of  the  primary  pair.  The 
field  of  view  is  about  half  as  wide  as  in  Fig.  6. 
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Figure  8:  Visualization  of  the  short-wave  perturbation  in  a 
cross-cut  plane.  Re  —  2400,  f*  =  7.5. 


The  second  equality  in  Eq.  3  results  from  the  fact  that  the 
most  unstable  wavelength  scales  on  the  size  of  the  vortical 
region,  i.e.  on  the  vortex  core  size  a.  For  the  vortex  pair, 
our  measurements  have  shown  that 

A/a  «  4.0.  (4) 

Quantitative  measurements  of  the  growth  rate  of  the 
short-wavelength  instability  are  difficult  because  of  the  si¬ 
multaneous  development  of  the  long-wavelength  Crow  in¬ 
stability.  However,  some  values  were  obtained  in  cases 
where  the  amplitude  of  the  latter  remained  low  for  long 
times,  and  the  agreement  with  Eq.  2  is  satisfactory,  con¬ 
sidering  the  idealized  nature  of  the  theoretical  flow. 

In  most  cases,  the  effect  of  the  Crow  instability  on  the 
short-wave  instability  is  a  modulation  of  the  growth  of  the 
latter.  Equation  2  shows  that  the  growth  rate  scales  on  the 
strain  r/27rfc2  induced  by  the  vortices  on  each  other.  The 
Crow  instability  results  in  a  periodic  variation  of  the  vortex 
separation  distance,  and  therefore  of  the  local  strain.  The 
short-wavelength  instability  therefore  develops  much  faster 
at  the  locations  where  the  large-scale  instability  brings  the 
vortices  closer  together.  This  non-uniformity  in  the  devel¬ 
opment  of  the  small-scale  instability  has  a  strong  effect  on 
the  late  stages  of  the  flow  (see  below). 

An  interesting  and  unexpected  observation  relates  to  the 
phase  relationship  between  the  short-wave  perturbations 
on  the  two  vortices.  In  the  front  view  of  Fig.  6,  the  vor¬ 
tex  centers  are,  at  each  axial  position,  displaced  in  the 
same  transverse  direction.  This  means  that  the  initial  re- 
flectional  symmetry  of  the  flow,  with  respect  to  the  plane 
separating  the  vortices,  is  lost.  It  should  be  emphasized 
that  no  forcing  of  the  phase  was  applied  in  the  study  of 
the  short-wave  instability;  the  initial  vortex  pair  was  com¬ 
pletely  uniform  and  the  flow  evolved  freely.  The  symmetry 
breaking  is  further  illustrated  by  the  cross-sectional  view 
in  Fig.  8:  the  vortex  center  is  displaced  to  the  lower  right 
in  the  left  vortex,  and  to  the  upper  right  in  the  right  one. 
DPIV  measurements  in  the  same  plane  (Fig.  9)  confirm 
that  this  is  not  simply  an  effect  caused  by  the  dye  visual¬ 
ization  method.  The  maxima  of  vorticity  are  displaced  in 
the  same  way  as  in  Fig.  8,  in  close  agreement  with  theo¬ 
retical  predictions  for  the  elliptic  instability  of  a  strained 
vortex  (Waleffe  1990).  The  observed  phase  relationship 
between  the  two  vortices  can  be  explained  by  a  kinemanic 
matching  condition  for  the  perturbations  on  each  vortex 
(see  Leweke  &  Williamson  1997a). 


Figure  9:  Contours  of  axial  vorticity  in  a  cross-cut  plane. 
Re  =  2660,  f  —  7.1.  Contours  are  separated  by  Auiz  = 

0.86  (ro/2itb2). 


At  later  times,  the  complicated,  but  relatively  well- 
organized  regular  short-wave  perturbation  breaks  down. 
First  signs  of  this  can  already  be  detected  in  Fig.  6:  near 
the  front  edge  of  the  pair,  the  parts  of  the  fluid  orbiting 
each  vortex  individually  begin  to  mix.  In  a  periodic  in¬ 
terlocking  way,  tongues  of  fluid  from  one  side  are  drawn 
around  the  respective  other  vortex. 

This  cross-over  is  a  direct  consequence  of  the  internal 
vortex  deformations.  In  Fig.  8,  the  center  of  rotation  (max¬ 
imum  of  vorticity)  of  the  right  vortex  is  displaced  toward 
the  front  stagnation  point,  whereas  the  one  on  the  left  is 
pushed  away.  On  the  other  hand,  we  know  that  the  outer 
layers  of  each  vortex  are  displaced  in  the  opposite  direc¬ 
tions.  This  means  that  the  outer  parts  of  the  right  vortex 
are  actually  brought  closer  to  the  stagnation  point  and  the 
approaching  left  vorticity  maximum,  which  will  eventually 
capture  some  of  this  fluid  and  pull  it  to  the  left.  Once  the 
tongues  have  crossed  over,  they  are  quickly  pulled  apart  by 
the  stagnation  point  flow  and  wrapped  around  the  primary 
vortices.  This  results  in  the  formation  of  an  array  of  per¬ 
pendicular  counter-rotating  secondary  vortex  pairs.  Fig. 
9  reveals  that,  with  the  fluid,  axial  vorticity  is  pulled  to 
the  left,  which  is  subsequently  tilted  and  stretched  by  the 
stagnation  point  strain.  By  this  process  the  circulation  of 
the  primary  vortices  is  reduced,  which  results  in  a  decrease 
of  the  self-induced  translation  velocity  of  the  pair  by  about 
65%. 

The  development  and  intensity  of  the  secondary  vortices 
can  be  appreciated  in  the  visualization  in  Fig.  7,  where  a 
light  sheet  illuminates  the  plane  between  the  two  primary 
vortices.  This  view  shows  that,  for  each  wavelength  of 
the  short-wave  instability,  two  secondary  vortex  pairs  are 
generated  at  the  lower  edge. 

The  formation  of  the  secondary  vortex  pairs  has  a  strong 
effect  on  the  further  development  of  the  overall  flow.  It 
was  mentioned  earlier  that  the  elliptic  instability  devel¬ 
ops  faster  where  the  Crow  instability  brings  the  vortices 
together.  At  these  periodic  locations  along  the  axes,  the 
organized  structure  of  the  primary  vortices  breaks  down 
first,  due  to  the  presence  of  the  perpendicular  vortices  in 
the  outer  layers.  Flow  visualization  reveals  that  subse¬ 
quently  the  primary  vortices  are  stripped  of  these  outer 
layers,  which  seem  to  move  away  from  the  locations  of  the 
initial  break  to  leave  only  a  skeleton  of  the  initial  vortex 
pair.  This  process  may  be  seen  as  the  result  of  an  ‘at¬ 
tempted’  vortex  reconnection  (see  preceding  section).  As 
a  result  of  this  axial  motion,  the  dyed  fluid  concentrates  in 
large  clusters,  whose  internal  motion  is  relatively  unorga¬ 
nized,  and  whose  spacing  is  dictated  by  the  initial  large- 
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Figure  10:  Visualization  of  the  late  stages  of  the  vortex  pair 
under  the  combined  influence  of  short-  and  long-wavelength 
instabilities.  The  flow  is  seen  in  side  view,  the  pair  moves 
down,  and  only  one  vortex  is  dyed.  Re  =  2700,  t*  =  11.2. 


scale  Crow  instability  (see  Fig.  10).  This  late- time  devel¬ 
opment  of  a  vortex  pair  in  the  presence  of  both  instabilities 
is  quite  different  from  the  one  of  a  pair  with  the  Crow  in¬ 
stability  alone,  where  the  vortices  undergo  a  complete  re¬ 
connection  and  most  of  the  initial  circulation  is  conserved 
in  large-scale  structures  for  very  long  times.  For  the  case 
of  combined  long-  and  short-wavelength  instabilities,  Fig. 
10  suggests  that  the  interaction  between  the  two  phenom¬ 
ena  enhances  mixing  and  distributes  the  initial  large-scale 
energy  to  the  small  scales  much  more  effectively. 

This  qualitative  observation  from  flow  visualisation  can 
be  made  more  quantitative  by  measuring  the  actual  vortex 
circulation.  For  this,  sequences  of  DPIV  measurements 
were  made  in  a  cross-plane  of  the  vortices.  In  Fig.  11, 
the  time-dependent  vortex  circulation  is  plotted  for  two 
cases:  in  a  plane  where  the  vortices  approach  each  other, 
i.e.  where  the  short-wavelength  disturbance  breaks  down 
first  and  where  the  short-wave  core  displacement  is  maxi¬ 
mal;  and  in  a  plane  where  the  primary  vortices  move  away 
from  each  other.  Since  the  phase  of  the  long-wavelength 
instability  was  not  controlled  in  this  series  of  experiments, 
several  runs  were  necessary  before  the  phase  had  the  de¬ 
sired  value  in  the  measurement  plane.  At  the  location  of 
approaching  vortices,  the  primary  circulation  starts  to  de¬ 
crease  first.  After  a  transition  period  it  reaches  a  value  of 
about  30%  of  the  initial  circulation.  This  circulation  of  the 
final  skeleton  pair  is  about  three  times  the  value  of  the  cor¬ 
responding  threads  in  the  case  of  a  pure  Crow  instability. 
The  drop  of  circulation  in  the  other  plane  sets  in  a  little 
delayed,  but  for  large  times  it  decreases  to  much  lower  val¬ 
ues,  confirming  the  absence  of  large  coherent  structures  in 
the  late  stages  of  this  flow. 

CONCLUSIONS 

Our  study  provides  the  first  clear  demonstration  of  two 
distinct  vortex  pair  instabilities  in  controlled  experiments. 
Extensive  flow  visualization  and  quantitative  velocity  mea¬ 
surements  using  DPIV  give  detailed  information  about  the 
development  and  long-term  evolution  of  these  instabilities. 
Concerning  the  long-wavelength  instability,  a  complete 
comparison  between  experimental  measurements  and  the¬ 
oretical  predictions  of  its  initial  growth  rate  was  achieved 
for  the  first  time,  and  the  vortex  reconnection  phenomenon, 
occurring  at  later  times,  was  characterized  quantitatively. 
Regarding  the  short-wave  instability,  the  spatial  structure 
and  symmetry  of  the  associated  perturbation  was  clearly 
demonstrated,  suggesting  that  they  are  due  to  an  elliptic 
instability  of  the  vortex  cores.  The  interaction  between 
short-  and  long-wave  instabilities  lead  to  a  more  efficient 
destruction  of  the  large-scale  vortical  structures  than  the 
action  of  the  long-wavelength  instability  alone. 


Figure  11:  Evolution  of  the  circulation  in  the  presence  of 
short-wavelength  instability.  Solid  symbols  represent  data 
measured  in  a  plane  where  the  Crow  instability  brings  the 
vortices  closer  together,  open  symbols  show  data  in  a  plane 
where  they  are  separated.  Re  =  2600. 
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ABSTRACT 

Experimental  information  concerning  the  first 
steps  of  transition  to  turbulence,  i.e.  change  from  steady 
to  periodic  regime,  in  the  wake  of  a  sphere  is  reported. 
First,  visualizations  precise  the  shape  and  the  evolution 
of  the  downstream  bubble  and  of  shedding  vortices 
behind  the  sphere.  The  Strouhal-Reynolds  curve  as  well 
as  variation  of  amplitude  and  phase  of  oscillations  have 
been  measured  and  compared  to  the  prediction  of  Landau 
model.  Similar  results  obtained  for  different 
axisymmetrical  objects  (cone  and  disk)  have  shown  the 
general  character  of  this  bifurcation. 

INTRODUCTION 

Despite  its  technological  and  practical 
importance,  many  fundamental  aspects  of  the  wake 
behind  a  sphere  remain  unknown.  Among  the  difficulties 
are  the  full  three-dimensional  character  of  this  flow  and 
the  way  of  holding  the  sphere.  Recent  studies  of  the 
Strouhal-Reynolds  curve  for  a  cylindrical  configuration, 
which  was  thought  two-dimensional  and  much  simpler 
than  the  sphere  case,  exhibited  scattered  data  larger  than 
the  inaccuracy  of  the  measurements.  This  discrepancy 
(cf. Williamson  1996  for  a  review)  has  shown  the  need  of 
a  precise  knowledge  of  the  spatial  structure.  Moreover, 
its  description  by  an  oscillator  model  has  lead  to 
interpret  and  design  new  experiments.  In  the  same  spirit, 
on  the  sphere  configuration,  we  have  inquired  the 
supercritical  or  subcritical  nature  of  the  bifurcation  from 
steady  to  periodic  regime.  The  lack  of  experimental 
information  concerns  mainly  the  convective  or  absolute 
character  of  this  instability  (cf.  Huerre  and  Monkewitz 
1990),  the  non-linear  character  of  the  unsteady 
fluctuations  and  the  importance  of  spatial  effects. 


EXPERIMENTAL  SET-UP  AND  VISUALIZATIONS 

Visualizations  have  been  done  in  a  vertical 
circular  water  (diameter  80  mm)  channel  (Fig.  1).  The 
sphere  of  diameter  1  cm  was  kept  by  a  thin  upstream 
metallic  pipe  (diameter  2mm)  which  fed  the  one  per  cent 
diluted  purple  ink  through  three  regularly  disposed  holes. 
In  the  Reynolds  number  range  [150,  180],  Re  =  Ud/v, 
determined  here  with  a  five  per  cent  calibration,  the 
bubble  formed  downstream  of  the  sphere  is  no  more 
axisymmetrical  and  one  steady  trail  is  visible.  Between 
Re  = 180  and  Rec,  two  trails  appear  downstream  of  the 
bubble  (Fig.  2a).  These  two  trails  oscillate  above  the 
critical  Reynolds  number  and  move  downstream  along 
helical  lines.  The  periodic  modulation  is  clearer  and 
clearer  when  the  Reynolds  number  is  increased.  Above 
Re=  310  ,  vortex  loops  (Fig.  2b)  are  periodically  shed 
from  the  location  where  the  bubble  has  the  smaller 
transverse  size.  This  location  has  been  changed  in  any 
orientation  of  the  water  channel  by  a  very  slight 
inclination  of  the  upstream  pipe.  When  the  sphere  is  hold 
by  four  wires,  dye  visualizations  have  shown  that  the 
perturbation  due  to  the  wires  is  a  stabilising  effect  which 
controls  the  wake  in  a  precise  orientation.  This  last 
result  is  in  good  agreement  with  the  report  of  Sakamoto 
and  Haniu  (1995)  concerning  the  shape  of  the  wake  of  a 
sphere  in  a  small  upstream  gradient  of  velocity. 

Quantitative  laser-DoppIer  and  hot-wire 
anemometer  measurements  have  been  performed  in  an 
open-circuit  low-speed  wind-tunnel  for  the  Reynolds 
number  range  [100,  400],  In  the  lm  long  square  test 
section  (25x25cm),  the  free-stream  turbulence  level  was 
close  to  0.1%  and  flow  uniformity  better  than  0.5%  over 
80  %  of  the  tunnel  width.  The  free  stream  velocity  U  was 
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measured  by  LDA  in  the  centre  of  the  tunnel  cross- 
section,  50  mm  upstream  of  the  sphere.  Corrections  were 
made  for  blockage  effects  and  the  downstream  evolution 
of  U  due  to  wind  tunnel  boundary  layer  growth.  The 
kinematics  viscosity  v  was  deduced  from  the  temperature 
measurement  by  a  calibrated  platinum  resistance.  The 
uncertainty  upon  the  Reynolds  number  has  been 
estimated  as  equal  to  1%. 

The  sphere  (diameter  d  =  10  mm)  was  held  by 
four  thin  metal  wires  (diameter  0.08  mm)  which  were 
fixed  on  a  frame  outside  the  test  section  tightened  by 
weight,  similarly  to  the  experiments  on  the  torus  wake 
(Leweke  and  Provansal  1995).  Although  the  body-to-wire 
diameter  ratio  was  larger  than  100,  this  configuration 
froze  the  spatial  mode  which  gave  the  way  to  repetitive 
experiments.  A  laser-photo  diode  was  used  to  monitor  the 
vibration  of  the  sphere.  The  amplitude  of  the  measured 
oscillations  remained  well  below  the  diameter  of  the 
sphere  and  were  mainly  longitudinal  in  the  flow 
direction.  If  the  frequency  of  vortex  shedding  was  visible 
in  the  spectrum  of  vibrations,  no  influence  of  sphere 
oscillation  on  this  frequency  could  be  detected  .  In  the 
following,  cartesian  co-ordinates  ( Ox,Oy,Oz )  will  be  used 
with  the  origin  O  at  the  centre  of  the  sphere.  Ox  is  the 
streamwise  (horizontal)  direction,  Oz  is  the  vertical  one 
(up)  and  Oy  the  transverse  horizontal  one. 

RESULTS 

Spectral  analysis  of  the  streamwise  velocity 
fluctuations  shows  the  appearance  of  a  peak  and  its 
harmonics  (Fig.  3a)  when  the  Reynolds  number  is  above 
the  critical  value  Rec=  273.  Below  the  threshold  (Fig. 
3b),  it  was  impossible  to  detect  any  precise  peak  in  the 
spectrum.  Above  the  periodic  range,  the  velocity 
fluctuations  are  irregular  and  their  spectrum  exhibits  a 
low  frequency  and  its  non-linear  interaction  with  the 
Strouhal  frequency  (Fig.  3c). We  have  plotted  (Fig  4.)  the 
energy  of  the  velocity  fluctuations  u'„2  as  function  of  the 
Reynolds  number  for  the  same  location  of  the 
measurement  point.  Near  the  threshold,  this  variation  is 
linear.  This  behaviour  is  in  agreement  with  the  Landau 
model  which  has  been  often  used  to  interpret  the 
transition  from  steady  to  periodic  flow  as  a  supercritical 
bifurcation  [Landau  and  Lifschitz  1971  ,  Guyon  et  al 
1987].  The  extrapolation  of  zero  energy  provides  a 
quantitative  criterion  for  an  accurate  determination  of  the 
critical  Reynolds  number.  This  value  Rec  is  independent 
of  the  position  of  the  probe.  Moreover,  it  was 
impossible  to  detect  any  kind  of  hysteresis  when 
increasing  and  decreasing  the  upstream  velocity  (at  least 
at  one  per  cent  of  accuracy).  Our  value  is  close  to  the 
previous  determination,  300,  by  Sakamoto  and  Haniu 
(1995)  deduced  from  visualization  and  in  good  agreement 
with  experimental  data,  between  270  and  290,  reported 
by  Magarvey  and  Bishop  (1961)  and  E.Levi  (1980).  The 
older  values  of  Taneda  (1956)  are  in  a  wider  range  [200, 
300],  We  believe  that  small  inhomogeneities  and 
perturbation  in  the  upstream  flow  due  to  method  of 
visualization  can  be  responsible  for  a  slight  change  in 
the  value  of  the  threshold.  Furthermore,  our  critical 
Reynolds  number  is  pretty  close  to  the  threshold  277 
deduced  by  Natarajan  and  Acrivos  (1993),  from  numerical 
simulations,  and  in  the  range  [250-280]  predicted  from 
direct  numerical  simulation  by  Tomboulides  et  al  (1993). 


In  both  these  studies,  the  authors  have  inquired  the 
existence  of  a  Landau  -Hopf  bifurcation  for  the  transition 
from  steady  to  periodic  flow.  Our  measurements  of  the 
energy  of  velocity  fluctuation  u’,2  confirm  the  validity  of 
this  scenario. 

The  vortex  shedding  frequency  f  was  determined 
by  spectral  analysis,  and  used  to  calculate  the  Strouhal 
number  St  =  fd/U  and  the  Roshko  number  Ro  =  fd2/v(Fig. 
5&6).  The  periodic  regime  is  limited  to  a  narrow 
Reynolds  number  range,  [275,320],  where  the  Strouhal 
number  satisfies  the  relation: 

St  =  A.Re'1  +  B  +  C.Re 

with  A  =  -48.2  B  =  0.391  C  =  -3.6. 104 

Our  fit  is  in  agreement  (within  3%)  with  the 
renewed  values  of  Sakamoto  and  Haniu  (1995)  and  we 
confirm  that  their  previous  values  (1990)  were  based  on  a 
wrong  estimation  of  the  Reynolds  number.  We  do 
underline  the  fact  that,  in  the  periodic  regime,  the 
difference  between  measurements  should  be  within  the 
margin  of  uncertainty  in  the  determination  of  the 
Strouhal  and  Reynolds  numbers,  i.e.  around  two  per  cent, 
except  if  different  spatial  modes  are  excited  in  different 
configurations.  The  large  dispersion  on  data  collected  in 
the  literature  (cf.  figure  3  of  Sakamoto  et  al,  1990)  is 
probably  due  to  the  lack  of  focused  investigation  of  the 
periodic  regime  in  wide  number  Reynolds  range  studies. 

In  the  periodic  regime,  preliminary 
measurements  in  different  points,  5d  downstream  on  the 
streamwise  axis  and  along  a  circle  of  radius  d  in  the 
transverse  plane,  have  shown  a  strong  spatial  variation 
of  this  amplitude.  We  have  determined  the  variation  of 
the  energy  (Fig.  7)  along  the  axis  of  the  flow. 
Immediately  behind  the  sphere,  the  energy  increases 
linearly  from  the  zero  boundary  value  on  the  wall.  This 
behaviour  is  coherent  with  the  growth  of  a  convective 
unstable  perturbation  in  the  near-wake  where  the 
transverse  mean-velocity  profile  exhibits  a  strong 
deficit.  Non-linear  effects  play  the  dominant  role  in  the 
Landau  model  ;  thus,  it  is  not  surprising  that  the 
saturation  occurs  further  downstream.  The  decrease  of  the 
amplitude  of  fluctuation  along  the  downstream  direction 
is  due  to  the  evolution  of  the  velocity  profile  and  to  the 
diffusion  of  vorticity.  This  curve  is  quite  similar  to  the 
report  by  Wei'sfreid  et  al  (1993)  about  the  variation  of 
velocity  fluctuation  in  the  wake  of  a  cylinder.  We  have 
also  investigated  the  location  of  the  maximum  in 
amplitude  (Fig.  8)  along  the  streamwise  direction  and  its 
variation  with  the  Reynolds  number.  There  is  a  small 
variation  from  six  diameters  near  the  threshold  to  four 
diameters  at  the  upper  Reynolds  value  of  the  periodic 
range.  This  behaviour  is  quite  different  from  the 
measurement  by  Wesfreid  et  al  (1993)  of  a  downstream 
evolution  of  the  maximum  of  amplitude  in  the  wake  of  a 
cylinder,  near  the  threshold  leading  to  a  scaling  of  xml/d 
as  function  of  (Re-  Rec)-". 

Different  investigations  have  been  done  on  the 
cone  and  disk  configurations:  results  are  similar  to  the 
case  of  the  sphere.  The  axial  symmetry  of  the  wake  is 
broken  before  the  transition  from  steady  to  periodic  flow 
occurs.  Because  the  periodic  regime  range  is  wider  for 
the  cone  case,  it  will  be  worthwhile  to  go  further  on  this 
configuration. 
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CONCLUSION 

Measurements  of  the  velocity  amplitude  and 
spectral  analysis  as  well  as  visualizations  give  a  more 
precise  description  of  the  different  regimes  occurring 
when  one  increases  the  Reynolds  number  from  subcritical 
value.  Though  an  extrinsic  velocity  gradient  controls  the 
spatial  organisation  of  the  wake,  the  shedding  of 
horseshoe  vortices  appear  as  an  intrinsic  phenomenon 
common  to  different  configurations. 
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ABSTRACT 

It  is  now  well-known  that  the  wake  transition 
regime  for  a  circular  cylinder  involves  two  modes  of 
small-scale  three-dimensional  instability  (modes  “A”  and 
“B”),  depending  on  the  regime  of  Reynolds  number  (Re), 
although  we  now  seek  to  understand  the  physical  origins 
of  these  instabilities.  Each  mode  is  quite  distinct  in 
lengthscale  and  in  symmetry,  and  thus  one  might  expect, 
and  indeed  we  find,  that  the  two  different  modes  A  and  B 
scale  on  different  physical  features  of  the  flow. 

Mode  A  has  a  larger  spanwise  wavelength  of 
around  3-4  diameters,  and  scales  on  the  larger  physical 
structure  in  the  flow,  namely  the  primary  vortex  core.  We 
present  evidence  to  suggest  that  the  wavelength  for  Mode 
A  is  the  result  of  an  “elliptic  instability”  in  the  near-wake 
vortex  cores.  The  subsequent  nonlinear  growth  of 
streamwise  vortex  loops  is  due  to  a  feedback  from  one 
vortex  to  the  next.  This  mode  gives  an  out-of-phase 
streamwise  vortex  pattern. 

In  contrast,  mode  B  instability  has  a  distinctly 
smaller  wavelength  (1  diameter)  which  scales  on  the 
smaller  physical  structure  in  the  flow,  namely  the  braid 
shear  layer.  It  is  quite  distinct  from  studies  of  other  shear 
flows,  in  that  it  depends  on  the  reverse  flow  of  the  bluff- 
body  wake;  the  presence  of  a  fully-formed  streamwise 
vortex  system,  brought  upstream  from  a  previous  half 
cycle,  in  proximity  to  the  newly-evolving  braid  shear 
layer,  leads  to  an  in-phase  streamwise  vortex  array,  in 
strong  analogy  with  the  “Mode  1”  of  Meiburg  &  Lasheras 
(1988)  for  a  forced  unseparated  wake. 


INTRODUCTION 

A  number  of  investigations  have  recently  been 
concerned  with  the  general  problem  of  the  development  of 
three-dimensional  structure  in  turbulent  shear  flows,  and 
with  the  corresponding  implications  for  mixing  in  such 
flows.  Over  the  past  eight  years,  there  has  been  a  surge  of 
activity  in  wake  flows  from  analytical,  computational  and 


experimental  approaches.  Many  of  these  developments 
have  been  described  comprehensively  in  a  review  in 
Williamson  (1996a).  It  is  perhaps  not  surprising  that  the 
bulk  of  the  recent  experimental  developments  have  been 
studied  at  low  Reynolds  numbers,  where  one  avoids  the 
confusion  between  the  length  scales  based  on  the 
transition  of  the  wake,  the  separating  shear  layers,  and  the 
boundary  layer,  each  of  which  successively  becomes 
unstable  as  one  increases  Reynolds  numbers.  A  number 
of  new  flow  phenomena  have  been  discovered  at  low 
Reynolds  numbers  in  the  wake  transition  regime.  In 
particular,  we  are  concerned  with  two  distinct  modes  of 
small-scale  secondary  instability  in  the  near  wake,  defined 
as  modes  A  and  B  (Williamson,  1988).  Their  distinction, 
in  terms  of  their  symmetries,  their  wavelength,  and  their 
physical  bases,  are  to  be  described  in  our  presentation. 
There  appears  to  be  a  vital  interest  in  these  wake  modes  at 
the  present  time,  as  evidenced  by  the  collection  of 
energetic  talks  presented  at  the  recent  American  Physical 
Society  Meeting  in  1996.  The  physical  origins  of  the 
two  instabilities  have  implications  to  turbulence 
transition  of  concentrated  vortices  in  other  shear  flows. 

The  first  definition  of  wake  flow  regimes  based 
on  measurements  of  velocity  fluctuation,  spectra  and 
frequency  was  given  by  Roshko  (1954).  He  found  a 
“stable”  (periodic)  laminar  vortex  shedding  regime  for 
Re=40-150,  a  transition  regime  in  the  range  Re=150-300, 
with  an  “irregular”  regime  for  Re=300- 10,000+,  where 
velocity  fluctuations  showed  distinct  irregularities. 
Similar  regimes  were  confirmed  by  Bloor  (1964).  A  surge 
of  recent  work  has  shed  further  light  on  phenomena 
occurring  in  these  regimes  and  their  precise  Reynolds 
number  ranges.  However,  only  surprisingly  few 
investigations  have  focused  on  the  wake  transition  regime 
(in  the  approximate  range,  Re=190  -  260).  Of  these 
studies,  we  presently  have  almost  no  understanding  of  the 
physical  origin  of  the  three-dimensional  small-scale 
instabilities  that  are  fundamental  to  wake  transition. 
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INSTABILITY  MODES  A  AND  B. 

The  existence  of  two  different  modes  of  3-D 
shedding  in  wake  transition  (modes  “A”  and  “B”), 
involving  vortex  loops  and  streamwise  vortex  pairs,  was 
briefly  presented  by  Williamson  (1988)  and  more 
comprehensively  studied  in  Williamson  (1996b).  In  mode 
“A”,  which  is  clearly  evident  in  the  range  Re=194  to  240, 
the  primary  vortices  deform  in  a  wavy  fashion  along  their 
length.  The  spanwise  length  scale  of  these  vortex  loops  is 
around  3  to  4  diameters,  and  is  a  function  of  Re  (see 
Williamson  (1996b)).  Visualisation  of  such  structure  is 
shown  in  Figure  1,  near  the  start  of  motion,  and 
illustrates  the  incipience  of  the  vortex  core  instability.  As 
the  flow  progresses,  the  instability  grows  from  one  cycle 
to  the  next,  resulting  in  the  local  spanwise  formation  of 
vortex  loops,  which  become  stretched  into  streamwise 
vortex  pairs  in  the  braid  regions  between  the  primary 
Karman  vortices.  At  higher  Reynolds  numbers,  around 
Re  =240  and  above,  finer-scale  streamwise  vortex  pairs 
are  formed,  comprising  a  Mode  B  instability.  In  this  case 
the  primary  vortex  deformation  is  more  spanwise-uniform 
than  for  mode  A,  and  the  streamwise  vortex  structure  has  a 
markedly  smaller  spanwise  wavelength  of  around  one 
diameter,  or  1/5  of  a  primary  wavelength. 

The  marked  disparity  in  spanwise  wavelength  and 
visual  appearance,  between  modes  A  and  B  secondary 
instability,  corresponds  with  the  fact  that  the  modes  are 
due  to  two  distinct  instabilities.  The  (long-wavelength) 
mode  A  scales  on  the  larger  physical  feature  in  the  wake 
flow,  namely  the  primary  vortex  cores.  Evidence  will  be 
presented  below  that  suggests  this  mode  A  instability  is 
due  to  an  elliptic  instability  in  the  vortex  cores. 
Predictions  of  spanwise  instability  wavelength,  based  on 
elliptic  instability,  yields  a  lengthscale  close  to  what  is 
measured  for  the  mode  A  vortex  core  instability.  Mode  A 
has  an  out-of-phase  symmetry  of  the  streamwise  vortices, 
as  shown  in  Figure  2.  In  Figure  3,  we  show  a  schematic 
of  the  streamwise  vortex  symmetries  corresponding  to 
modes  A  and  B,  and  which  are  now  confirmed  in  several 
numerical  simulations  (see  Thompson  et  al.,  1994;  Zhang 
et  al.,  1995;  Noack,  private  communication;  Barkley  & 
Henderson,  1996). 

The  (short- wavelength)  mode  B,  contrary  to  mode 
A,  scales  on  the  smaller  physical  length  scale,  namely  the 
“braid’’  shear  layer.  If  mode  A  represents  an  instability 
akin  to  that  found  for  free  shear  layers  (Bernal  &  Roshko, 
1986),  with  comparable  lengthscales,  then  mode  B  is 
altogether  a  different  instability,  which  is  strongly 
influenced  by  the  existence  of  the  reverse  flow  region  in 
the  bluff-body  wake.  The  disturbances  imposed  on  the 
forming  braid  (separating  shear  layer),  by  a  pre-existing 
set  of  rolled-up  streamwise  vortices,  sets  the  preferred 
locations  of  the  new  braid  vortices,  giving  a  specific 
symmetry  quite  distinct  from  mode  A;  mode  B  has  an  in- 
phase  symmetry  for  the  streamwise  vortex  pattern,  which 
is  analogous  with  Meiburg  &  Lasheras’  mode  1 
streamwise  vortex  pattern  for  a  forced  “unseparated”  wake 
from  a  splitter  plate.  These  symmetries  are  shown  in 
Figures  2  and  3. 


ELLIPTIC  INSTABILITY  OF  WAKE 
VORTICES:  MODE  A. 

It  is  known  from  experimental  observations  that 
Mode  A  is  caused  by  an  instability  in  the  vortex  cores. 
We  shall  present  in  this  paper  further  evidence  to  suggest 
that  this  mode  is  a  manifestation  of  an  “elliptic 
instability”  of  the  vortex  cores. 

An  elliptic  instability  represents  the  exponential 
growth  of  inertial  waves  in  a  flow  with  uniform  vorticity 
and  uniform  strain,  which  occurs  in  the  case  when  the 
perturbation  vorticity  remains  aligned  with  the  principal 
stretching  axis  (a  result  made  clear  by  Waleffe,  1990;  see 
also  Pierrehumbert  (1986),  Bayly  (1986),  landman  & 
Saffman  (1987)).  A  flow  with  elliptical  streamlines  is 
generated  when  there  is  uniform  rotation  y  (which  is  half 
the  vorticity  =  co/2),  and  uniform  strain  rate  e,  and 
corresponds  interestingly  to  where  the  principal  stretching 
axis  is  oriented  at  45°  relative  to  the  major  axes  of  the 
elliptic  streamlines.  The  aspect  ratio  (or  eccentricity)  of 
these  ellipses  is  given  by  a  =  V(y+  e)  /  (y-  e),  and  the 
ratio  of  strain  to  vorticity  is  defined  by  (3  =  (s/y)  =  (2 
e/£0).  Elliptic  flow  ensues  if  0<  P  <1.  The  value  P  =0 
refers  to  circular  rotating  flow,  while  p  =1  refers  to  planar 
Couette  flow.  In  the  case  of  near-wake  vortex  H,  to  be 
discussed  in  Figure  4,  we  find 


toD/U  =  3  eD/U  =  0.9  a  =  2  (1) 

and  the  lengthscale  (minor  diameter)  of  the  vortex  region 
is  of  order  ID.  The  values  of  strain  and  vorticity  yield  a 
value  of  P=0.6. 

We  now  observe  the  two-dimensional  base  flow 
of  the  cylinder  wake  from  direct  numerical  simulation 
(data  kindly  made  available  by  Helene  Persillon,  while 
working  with  us  at  Cornell).  Observations  of  streamlines 
using  the  standard  reference  frame  whereby  the  observer  is 
fixed  with  the  cylinder,  as  in  Figure  4(a),  shows  very  little 
information  regarding  the  near  wake  vortices.  If,  however, 
we  subtract  the  velocity  of  the  centre  of  vortex  II  (the 
lower  (anticlockwise)  vortex  in  Figure  4(b))  from  the 
whole  flow  field,  then  the  resulting  streamlines  indicate  a 
striking  elliptic  vortex.  It  is  distinctly  relevant  that  the 
roughly  elliptical  streamlines  region  in  Figure  4  (b)  is 
associated  with  a  principal  stretching  axis,  shown  in  (c), 
which  is  aligned  at  45°  to  the  major  axis  of  the  elliptic 
near-wake  vortex,  consistent  with  the  conditions  to 
promote  “elliptic”  instability.  Of  course,  one  is  concerned 
in  the  real  flow  with  a  finite  vortical  region,  not 
unbounded  as  in  the  above  theories.  However,  it  is  clear 
from  Leweke  and  Williamson  (1997)  that  the  internal 
experimental  instabilities  in  a  finite  vortex  (in  that  case 
one  vortex  of  a  pair)  are  remarkably  close  to  the  form 
predicted  from  the  unbounded  elliptic  theory.  Indeed,  one 
also  finds  that  for  small  strain  the  theoretical  form  of  the 
instability  perturbation  internal  to  a  bounded  vortex  is 
precisely  the  same  as  found  for  the  unbounded  elliptic 
theories,  in  the  vicinity  of  the  vortex  centre. 

Waleffe  has  superposed  the  unstable  inertial-wave 
Fourier  modes  to  construct  localized  solutions,  which  for 
small  strain,  consist  of  Bessel  function  expressions  for  the 
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perturbation  velocities  and  vorticities.  We  have  plotted 
the  streamlines  of  the  flow  resulting  from  the  growth  of 
such  unstable  localised  solutions,  in  Figure  5.  The 
structure  of  the  perturbation  results  in  a  displacement  of 
the  central  axis  of  rotation  in  the  direction  of  the  principal 
stretching  axis,  but  whose  displacement  is  modulated 
along  the  span  in  a  wavy  fashion.  An  “invariant  surface” 
exists  around  the  vortex  axis  which  remains  undeformed, 
and  corresponds  with  the  zero  of  the  Bessel  function  type 
of  disturbance.  The  inner  and  outer  vortex  layers  (relative 
to  this  invariant  surface)  are  displaced  in  opposite  radial 
directions.  The  spanwise  wavelength  of  instability 
depends  on  the  eccentricity  (a)  of  the  elliptic  flow.  For 
small  strain  this  modulation  has  a  wavelength  close  to 
twice  the  diameter  of  the  invariant  streamline.  The 
elliptic  instability  theory  shows  that  the  spanwise 
waviness  of  the  core  of  an  elliptical  vortex  region  will  be 
in  the  direction  of  principal  stretching,  which  from  the 
numerical  simulation  in  Figure  4(c),  will  be  in  the 
upstream-downstream  direction  (horizontal). 

It  appears  that  the  key  to  deducing  a  reasonable 
estimate  for  the  spanwise  wavelength  and  growth  rate  in 
the  present  problem  is  the  inclusion  of  viscosity  in  the 
analysis,  which  has  been  mentioned  by  several  authors, 
although  it  is  the  paper  of  Landman  &  Saffman  (1987) 
which  explicitly  demonstrates  the  effects  on  the  instability 
of  including  viscosity.  Including  viscosity  in  this 
problem  has  two  essential  effects.  First,  it  yields  a  cut-off 
lengthscale  below  which  the  elliptic  instability  is  not 
unstable.  Secondly,  and  quite  significantly,  the  effect  of 
viscosity  leads  us  to  predict  that  the  largest  wavelength,  in 
a  given  problem,  is  the  most  unstable.  Landman  & 
Saffman  (1987)  show  usefully,  in  their  Figure  1,  the 
maximum  inviscid  growth  rate  <T[nviscid  versus  the  strain 
parameter  P,  and  demonstrate  that  there  is  a  maximum 
instability  for  p  =0.8.  This  is  relevant  to  the  near  wake 
vortices,  where  p  =0.6  typically,  suggesting  a  rapid 
growth  of  instability  in  our  case.  When  viscosity  is 
included  in  the  analysis,  as  in  Figure  2  of  Landman  & 
Saffman,  in  the  form  of  Ekman  number,  E,  versus  p 
(E=2jtvk02/y,  where  v=viscosity,  k^lengthscale  of  the 
instability),  then  it  is  immediately  seen  that  for  a  given  p, 
the  growth  rate  increases  as  one  decreases  Ekman  number, 
with  a  maximum  growth  rate  for  the  inviscid  case 
(horizontal  axis  in  their  Figure  2).  Tins  trend  is  seen 
clearly  from  the  total  growth  rate  expression  below 
(noting  that  0  is  the  minimum  angle  of  the  wave  vector, 
which  actually  precesses  around  an  elliptic  path): 

^ TOTAL  =  ^INVISCID  +  ^VISCOUS  (^) 

^TOTAL  =  cWicro  -  vko2  [1  +  l/2(cx2-l)sin20]  (3) 

or  normalised  with  respect  to  wake  quantities, 

«WlD/U)  =  (<*inv  D/U)  - 

4  it2  Re'1  (A/D)  '*  [1  +  l/2(a2-l)sin20]  (4) 

The  total  growth  rate  increases,  for  a  given  value  of 
viscosity  (or  Re)  and  given  ellipse  aspect  ratio  (a),  as  the 
lengthscale  of  the  instability  increases.  In  a  finite  size 


vortex,  the  most  unstable  wave  will  be  the  largest  that  can 
be  fit  into  the  vortex.  Although  this  is  not  a  surprising 
result,  since  one  expects  that  the  smallest  waves  will  be 
the  most  damped  by  viscosity,  it  is  nevertheless  a 
significant  point.  In  fact,  we  shall  find  below  that  one 
expects  discrete  relationships  to  match  the  perturbation 
dimensions  with  the  vortex  dimensions,  so  that  the  effect 
of  viscosity  is  to  select  the  largest  of  these  possible 
perturbation  dimensions  within  the  vortical  flow  regions. 

The  second  principal  effect  of  viscosity  is  the 
imposition  of  a  viscous  cut-off  length,  below  which  the 
elliptic  flow  is  stable.  One  can  think  in  terms  of  a  critical 
Ekman  number,  E*  for  marginal  stability,  for  which  a 
(E*,  b)  =  0.  The  existence  of  a  short  wavelength  viscous 
cut-off  means  that  the  region  of  elliptical  flow  must  be 
larger  than  a  minimum  size  for  the  instability  to  manifest 
itself.  The  instability  lengthscale  L  (=2a,  see  Figure  5)  in 
the  x-y  plane  perpendicular  to  the  rotation  axis,  is  given: 

L  =  2n  /  (Vi(l+  a2)  sin  0m  ]  (5) 


We  can  deduce  the  critical  length  L*  from  the  relation  E* 
=  E(L*),  and  using  equations  (4,14): 

L*  =  4  tt3/2  D  [sin20ra  (coD/U)  Re  (1+  a2)  E*]',/2 

=  0.5D  (6) 

The  elliptical  region  II  in  Figure  4  therefore  has  a  size 
which  is  L  =  D  >  L*  which  is  large  enough  to  support 
unstable  disturbances.  (The  parameter  0m  is  the  most 
unstable  wave  vector  angle,  which  for  [1=0.6  in  Landman 
&  Saffman,  Figure  3,  gives  0m  =  53°).  With  the  non- 
dimensional  parameters  for  the  vortex  in  the  near  wake 
varying  only  slowly  with  Reynolds  number,  the  critical 
length  varies  roughly  as  Re'l/2,  in  other  words  it  decreases 
with  Re.  The  fact  that  at  Re=200,  the  critical  length  is  of 
the  same  order  of  magnitude  as  the  sizes  of  the  different 
elliptical  regions  in  the  two-dimensional  wake  is 
consistent  with  the  fact  that  the  critical  Re  for  the  three- 
dimensional  transition  is  found  in  this  range. 

It  is  important  to  consider  the  growth  rate  for  the 
near  wake  vortices,  and  its  relation  to  the  characteristic 
time  of  the  periodic  base  flow.  The  vortices  of  Figure  4 
retain  their  elliptic  shape  for  at  least  one  shedding  period, 
T  =  D/US,  where  the  Strouhal  number  S  equals  roughly 
0.2.  We  can  deduce  that  E  =  (1/4)E*,  using  the  fact  that 
the  elliptical  region  is  about  twice  the  critical  length  L*, 
and  that  E  -  L'2.  From  the  Figure  2  of  Landman  & 
Saffman,  for  our  case  f)=0.6,  we  find  E*  =  1,  so  that  E  = 
1/4,  and  the  non-dimensional  growth  rate  is  thus  2a/ to  = 
0.25.  Normalising  with  respect  to  wake  parameters  gives, 
aD/U  =  0.375.  Using  the  fact  that  S=0.2,  we  find  aT  = 
2,  which  means  that  the  instability  will  grow  by  a  factor 
10,  while  instability  conditions  are  favourable. 
Considering  the  feedback  mechanism  found  in  Williamson 
(1996b),  whereby  the  waviness  grows  from  one  primary 
vortex  to  the  next  until  vortex  loops  are  formed,  the 
elliptic  instability  discussed  above  is  suggested  to  be 
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sufficient  to  trigger  ultimately  the  appearance  of  the 
nonlinear  mode  A  instability. 

One  of  the  significant  results  to  come  from  the 
theoretical  analysis  of  elliptic  instability  in  the  near  wake, 
is  the  prediction  of  spanwise  wavelength.  The  spanwise 
wavelength  is  related  to  the  magnitude  ko  of  the  three- 
dimensional  wave  vector  by  A,  =  27t  /  (ko  cos0m  ),  see 
Landman  &  Saffman  (1986),  which  when  divided  by  L 
using  equation  (5),  gives  a  value  for  the  “aspect  ratio  of 
the  instability”,  from  which  we  find: 

A  =  L  V(  1+  a2)  tan  0m  -  3D  (7) 

This  final  result  appears  to  be  in  reasonable  agreement 
with  the  measured  spanwise  wavelengths  for  mode  A 
instability  (Williamson,  1996b),  although  (as  pointed  out 
by  Maurice  Rossi),  it  is  perhaps  too  precise  in  the  light  of 
the  fact  that  one  does  not  know  precisely  how  the  length 
scale  of  the  perturbation,  L,  will  relate  to  the  diameter  of 
the  finite-size  vortex.  In  the  case  of  the  Rankine-type 
uniform  vortex,  Kelvin  (1880)  shows  that  the  first  zero  of 
a  neutrally-stable  Bessel  funcdon  disturbance  has  a 
diameter  (defining  the  invariant  surface)  which  is  0.6 
of  the  vortex  diameter,  for  his  first  mode  of  vortex  inertial 
waves.  It  is  nevertheless  clear  that  the  major  problem  for 
the  present  case,  is  that  one  does  not  know  the  precise 
relationship  between  and  the  cross-sectional 

dimensions  of  a  distributed  vortex.  However,  our  very 
recent  experimental  results  from  elliptic  instability  in 
vortex  pairs  (Leweke  &  Williamson,  1997),  clearly  yields 
such  a  relationship,  from  which  it  appears  one  may 
reasonably  predict  instability  lengthscales  in  the  present 
wake  problem. 

We  shall  firstly  use  a  more  precise  estimate  for 
the  cross-sectional  length  scale  of  the  disturbance  (D^), 
rather  than  the  order  of  magnitude  value,  taken  from 
Landman  &  Saffman,  in  equation  (5).  The  wave  vector  of 
the  disturbance  is  given  by: 

k  =  kf,  [  sin0,  a  sin0,  cos0  ]  (8) 

Using  the  result  from  Waleffe  (1990,  page  80)  for  the  first 
zero  of  the  Bessel  function  disturbance,  we  have  an 
estimate  for  the  dimensions  of  the  invariant  streamline 
(Dinv  )  in  the  minor  axis  (Y)  direction: 

(ko  (x  sin0)  Djnv  =  5.47  (9) 

giving  an  aspect  ratio  of  the  disturbance  given  as: 

(A./DINV)  =  (ti/ 2.735)  a  tan0  =  3.05  (10) 

using  previous  values  for  the  variables(a,  0).  In  the  study 
of  elliptic  instability  of  an  interacting  vortex  pair  of 
Leweke  &  Williamson  (1997),  it  has  been  found  possible 
to  measure  directly  the  value  of  Dw  ,  as  well  as  to 
undertake  velocity  field  measurements,  which  yield 
accurately  the  diameter  at  which  the  circumferential 
velocity  is  a  maximum  (DMAX).  We  find  the  ratio  as: 

(Dinv  /  )  =  0.92  (11) 


It  is  found  that  the  vortex  velocity  distribution  within  the 
vortex  pair  problem  and  in  the  near  wake  are  similar  (in 
both  cases,  the  vorticity  in  the  minor  axis  direction  is 
well  represented  by  a  Gaussian  distribution),  suggesting 
that  one  might  expect  a  similar  relationship  will  hold  for 
the  near  wake  vortex  II  (of  figure  4).  This  vortex  has  an 
aspect  ratio  of  close  to  2,  and  with  a  minor  axis  diameter 
(Dmax): 

(Dmax/D)=  1.03  (12) 

We  are  now  in  a  position  to  make  a  more  precise 
prediction  of  spanwise  wavelength  of  elliptic  instability 
by  combining  equations  (10,  11  and  12),  as  follows: 

(A./D)  =  (A,  /  Djnv  )  (Djnv  /  Dmax)  (Dmax  /  D)  =  2.9 

(13) 

although  in  view  of  the  obvious  assumptions  made,  the 
best  we  can  predict  is  that : 

( A,  /  D)  =  3  (14) 

again  giving  a  predicted  wavelength  in  good  agreement 
with  those  values  measured  for  the  mode  A  instability.  In 
this  case,  however,  we  have  a  firm  footing  upon  which  to 
base  the  relation  between  instability  lengthscale  and  the 
vortex  dimensions.  In  summary,  we  may  suggest,  from 
both  experimental  and  analytical  work,  that  the  spanwise 
lengthscale  of  mode  A  is  indeed  caused  by  an  elliptic 
instability  of  the  primary  vortex  core  in  the  strain  field  of 
neighbouring  structures  in  the  near  wake. 

10.  Conclusions. 

The  marked  disparity  in  spanwise  wavelength, 
and  visual  appearance,  between  modes  A  and  B  instability 
corresponds  with  the  fact  that  the  modes  are  due  to  two 
distinct  instabilities.  The  two  instabilities  scale  on  the 
two  principal  physical  features  of  the  wake  flow.  The 
(long-wavelength)  mode  A  scales  on  the  larger  physical 
feature  in  the  wake  flow,  namely  the  primary  vortex  cores , 
and  is  suggested  to  be  due  to  an  elliptic  instability  in 
these  vortices.  Predictions  of  spanwise  instability 
wavelength,  based  on  theory  applied  to  the  elliptic  near 
wake  vortices,  yield  values  which  are  in  reasonable 
agreement  with  measured  wavelengths.  We  utilise,  in  this 
prediction,  the  discrete  relationship  between  the  instability 
dimensions  and  finite  (Gaussian)  vortex  dimensions,  that 
is  found  experimentally  for  the  vortex-pair  instability 
problem  (Leweke  &  Williamson,  1997).  It  does  seem 
probable  that  such  elliptic  instability,  in  the  wake  vortex 
and  in  the  vortex  pair  problem,  is  generic  to  all  shear 
flows,  under  conditions  where  the  coherent  vortex  size 
exceeds  the  viscous  cut-off  scale. 
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Figure  1.  Visualisation  of  the  near  wake  structure  behind  a  circular  cylinder  at  Re=200,  near  the 
start  of  motion  and  the  incipience  of  the  long-wavelength  instability  of  mode  A.  This  mode 
corresponds  with  an  instability  of  the  vortex  cores,  and  is  quite  distinct  from  the  mode  B. 


Figure  2.  Video  evidence  of  streamwise  vortex  symmetries 
for  modes  A  and  B. 

(a)  Mode  A  :  Out-of-phase  symmetry; 

(b)  Mode  B:  In-phase  symmetry 

Each  pair  of  photographs,  taken  half  a  cycle  apart,  is  extracted 
from  video  images  looking  upstream  from  behind  the  cylinder, 
and  normal  to  a  planar  light  sheet  in  the  near  wake.  The  passage 
of  fluorescent  dye  (washed  off  the  body  )  passing  through  the 
sheet  shows  the  distinct  symmetries  of  the  streamwise  vortices. 
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Figure  3  Symmetry  diagrams  of  modes  A  and  B. 

Mode  A,  of  large  spanwise  wavelength,  comprises  an  out-of- 
phase  sequence  of  streamwise  vortices  from  one  braid  to  the  next 
one.  Mode  B,  of  small  spanwise  wavelength,  comprises  an  in- 
phase  arrangement. 


-a  0  a 


Figure  4.  Streamlines  for  Reynolds  number  of  200, 
found  from  DNS  computations.  In  (a)  we  show  the 
streamlines  which  suggest  very  little  information 
regarding  the  near  wake  vortices.  If.  however,  we 
subtract  the  velocity  of  the  centre  of  vortex  II  from  the 
whole  flow  field,  the  result  in  (b)  shows  a  striking 
elliptic  vortex  from  which  we  can  make  measurements. 
In  (c)  we  show  the  directions  of  the  principal  stretching 
axes  throughout  the  near-wake  flow. 

This  plot  is  made  from  data  kindly  supplied  by 
H.Persillon  (Cornell)  and  M.Braza 


Figure  S.  Effect  of  the  elliptic  instability  on  the  streamlines  of  an  elliptical  flow,  shown  for  the 
asymptotic  limit  of  vanishing  strain  rate,  (a)  Base  flow  (solid  rotation),  (b)  Perturbation  due  to  the 
menial  waves  (from  Waleffe  1990).  Its  characteristic  lengthscale  (wavelength)  in  this  plane  is  la.  (c) 
The  resultant  total  flow,  indicating  clearly  the  displacement  of  the  centre  of  rotation  out  along  the 
principal  stretching  axis.  The  bold  line  shows  the  streamline  that  remains  unchanged  under  the 
perturbation  (described  as  the  'invariant  streamline'  in  the  text),  and  the  dashed  line  indicates  the 
plane  that  is  shown  in  ( d ).  (d)  Schematic  representation  of  the  vortex  deformation  in  the  plane  of 
maximum  strain  rate.  The  upper  diagram  shows  the  initial  situation  with  concentric  vortex  layers. 
The  lower  diagram  shows  the  vortex  perturbed  by  the  elliptic  instability.  The  thick  line  shows  the 
centre  of  rotation,  which  is  periodically  displaced  along  the  stretching  axes  with  wavelength  A. 
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1.  INTRODUCTION 

During  the  last  decade  the  problem  of  absolute/global  instabi¬ 
lity  in  various  flow  types  was  investigated  experimentally  and 
numerically  with  the  use  of  spatio-temporal  stability  theory  by 
many  authors.  The  phenomenon  was  first  observed  in  variable 
density  axi -symmetric jets  by  Sreenivasan  et  al.  (1989),  Monke- 
witz  et  al.  (1990)  and  Riva  (1991).  Sreenivasan  et  al.  (1989), 
Riva  (1991)  and  Kyle  &  Sreenivasan  (1993)  studied  helium-air 
mixtures  jet  stability  while  Monkewitz  et  al.  (1990)  and  Russ 
&  Strykowski  (1993)  considered  heated  air  jet.  The  measureme¬ 
nts  carried  out  in  these  two  flow  types  show  significant  discre¬ 
pancy  of  the  critical  density  ratio  at  which  the  global  mode 
appears  i.e.  in  helium-air  round  jet  the  critical  density  ratio 
determined  by  Kyle  &  Sreenivasan  (1989)  was  equal  0.6  while 
Monkewitz  et  al.  (1990)  found  the  value  0.73  in  the  hot  air  jet. 
This  discrepancy  could  be  attributed  to  the  different  transition 
mechanism  observed  in  these  two  flow  types.  In  hot  air  jet 
Monkewitz  et  al.  (1990)  observed  two  unstable  modes.  The  first 
one  called  Mode  I,  is  supposed  to  be  linked  to  the  break-up  of 
coherent  vortices  characterised  by  Strouhal  number  0.3.  This 
Mode  I  appears  when  the  density  ratio  is  lower  than  0.73. 
Below  the  density  ratio  equal  0.6  the  Mode  II  becomes  visible 
which,  according  to  Monkewitz  et  al.  (1989),  is  supposed  to  be 
a  result  of  Widnall  instability  of  the  axi-symmetric  vortex  rings 
characterized  by  Strouhal  number  0.45.  On  the  other  hand  Kyle 
&  Sreenivasan  observed  in  the  air-helium  jet  only  Mode  II 
(called  in  their  paper  the  oscillating  mode)  that  appears  at  the 
density  ratio  0.6.  A  discrepancy,  even  more  significant,  was 
also  observed  in  the  stability  of  plane  density  jets.  Yu  and 
Monkewitz  (1993)  determined  the  critical  density  ratio  at  which 
the  oscillating  mode  appears  in  heated  air  plane  jet  as  equal  to 
0.9,  while  Raynal  et  al.  (1996)  found  the  value  0.7  in  the  air- 
helium  plane  jet.  An  interesting  question  that  could  be  posed 
now  is  why  variable  density  jets  behave  differently  depending 
on  the  medium  applied.  The  possible  explanation  was  proposed 


by  Raynal  et  al.  (1996)  in  stability  calculations  carried  out  for 
the  case  of  the  plane  variable  density  jet.  His  results  show  that 
amplification  rate  of  the  oscillations  can  be  influenced  signi¬ 
ficantly  by  a  relative  displacement  of  the  velocity  and  density 
profiles.  It  turns  out  that  the  maximum  of  the  amplification  rate 
or  the  most  unstable  conditions  are  reached  when  the  inflexion 
points  of  the  density  and  velocity  profiles  coincide.  It  is  sup¬ 
posed  to  be  the  case  of  the  hot  air  jet  while  in  helium-air  jet 
the  velocity  and  density  profiles  are  mutually  shifted  that  re¬ 
sults  in  a  jet  stabilization.  It  seems  that  the  problem  of  the 
parameteres  governing  the  transition  conditions  from  convective 
to  absolute  instability  remains  still  open  question.  The  prelimi¬ 
nary  experimental  study,  reported  in  the  paper,  is  aimed  at  the 
investigations  of  the  parameters  controlling  the  oscillating  mode 
development  in  heated  air  round  jet  with  a  special  reference  to 
a  relative  shift  of  the  velocity  and  density  profiles.  Furthermore, 
the  present  study  has  been  performed  for  boundary  layer  thick¬ 
ness  range  which  was  not  investigated  so  far  with  full  parti¬ 
culars. 

2.  EXPERIMENTAL  SET-UP  AND  APPARATUS 

The  experimental  set-up  prepared  for  the  heated  air  jet  stabili¬ 
ty  study  consists  of  the  cubic  equation  nozzle  with  no  straight 
tail  and  the  surface  contraction  ratio  equal  to  144.  The  settling 
chamber  was  filled  by  the  plate  of  the  porous  bronze  and  the 
layer  of  turbulence  screens.  The  setup  is  equipped  with  air  jet 
heaters  of  power  about  3  kW  and  the  nozzle  heater  of  power 
about  1  kW.  The  set-up  allows  to  obtain  Reynolds  number  up 
to  30000  for  the  density  ration  in  the  range  0.5-1.  Turbulence 
level  at  the  centerline  of  the  nozzle  exit  plane  determined  by  a 
hot  wire  measurements  was  about  0.3%.  Fig.l.  shows  velocity 
profile  and  turbulence  level  in  the  laminar  boundary  layer  at  the 
nozzle  exit  without  any  extension  tube.  It  is  believed  that  the 
set-up  with  the  independent  nozzle  heater  will  allow  to  control 
thermal  boundary  layer  characteristics  and  in  this  way  to  move 
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the  density  profile  in  reference  to  velocity  one  providing  the 
explanation  to  what  extent  the  jet  stability  can  be  controlled  by 
this  parameter.  Another  important  factor  controlling  the  oscil¬ 
lating  mode  is  the  boundary  layer  thickness.  Fig.2  presents  the 
momentum  thickness  normalized  by  the  nozzle  outlet  diameter 
as  a  function  of  Reynolds  number  compared  with  the  data 
obtained  by  Kyle  &  Sreenivasan  (1993)  and  Riva  (1991).  As 
can  be  seen  the  present  set-up  is  characterized  by  thinner  boun¬ 
dary  layer  thickness  than  the  ones  applied  by  other  authors.  The 
boundary  layer  thickness  may  easily  be  increased  by  the  exten¬ 
sion  tubes  that  can  be  fitted  at  the  jet  outlet.  The  possibility  to 
obtain  a  wide  range  of  the  0/D  parameter  may  be  important 
because  of  the  presence  of  so  called  broadband  mode  observed 
by  Kyle  &  Sreenivasan  (1993)  that  is  persistent  even  for  very 
thin  boundary  layer  when  oscillating  mode  vanishes. 

Near  field  pressure  oscillations  were  measured  by  a  sound 
level  meter  and  analysed  by  the  use  of  HP  Spectral  Analyser 
HP  3566A/3567A.  During  next  steps  of  the  experiment  it  is  in¬ 
tended  to  study  velocity  field  in  the  near  field  as  well  as  in  the 
region  of  side  jets  using  the  LDA  system. 

3.  PRELIMINARY  EXPERIMENTAL  RESULTS 

Fig.3  presents  a  microphone  spectra  measured  for  Reynolds 
number  Re=9400  at  relatively  low  density  ratio  s=0.48.  The  1/2 
in.  microphone  was  situated  at  x/D=0.67  and  r/D=1.3.  The 
measurements  were  performed  in  two  cases.  The  first  one  cor¬ 
responds  to  the  measurements  performed  without  any  exten¬ 
sions  attached  to  the  nozzle  (Fig.3a)  and  the  second  case  to  the 
measurements  performed  with  the  extension  tube  of  the  length 
L/D  =  3.  Accoustic  pressure  in  the  first  case  seems  to  be  domi¬ 
nated  by  a  disturbance  with  a  broadband  spectral  content  cha¬ 
racterized  by  Strouhal  number  St=0.46.  When  the  extension 
tube  L/D=3  was  attached  to  the  nozzle  two  new  peaks  appeared 
besides  the  broadband  disturbance  (Fig.  3b).  The  broadband 
fluctuation  was  then  characterized  by  Strouhal  number  St  = 
0.401,  which  seems  to  be  in  agreement  with  the  observation  of 
Kyle  &  Sreenivasan  (1993)  stating  that  Strouhal  number  of  the 
fluctuations  decreases  with  increasing  boundary  layer  thickness. 
Two  other  sensitive  frequency  ranges  visible  in  the  spectrum  at 
Fig.3b  are  more  peaky  and  are  characterized  by  Strouhal  num¬ 
bers  St  =  0.222  and  St  =  0.566  respectively. 

Fig.4  presents  the  evolution  of  the  sound  pressure  spectrum 
for  various  density  ratios.  For  the  cold  jet  (Fig.  4a)  evidently  no 
global  oscillation  of  the  sound  pressure  level  can  be  observed. 
When  the  density  ratio  is  decreased  to  s  =  0.76  strong  oscil¬ 
lation  appears  at  St=0.413  (Fig.  4b)  and  this  mode  becomes 
more  broadband  when  density  ratio  is  decreasing  (Fig.  4c,  d 
and  Fig.  3b). 

For  the  density  ratio  s  =  0.67  two  more  peaks  of  acoustic  pres¬ 
sure  fluctuations  appear  at  St  =  0.225  and  St  =  0.584.  The  first 
peak  can  may  be  interpreted  as  a  subharmonic  of  the  main 
mode  of  oscillations  that  indicates  the  presence  of  vortex  pai¬ 
ring  first  noticed  by  Monkewitz  et  al.  (1990).  The  amplitudes 
of  both  peaks  are  growing  when  density  ratio  is  decreasing  and 
on  the  contrary  to  the  main  oscillation  these  two  modes  do  not 
become  more  broadband. 

Comparison  of  these  preliminary  results  with  the  experiment 
performed  by  Monkewitz  et  al.  (1990)  shows  some  important 


discrepancies.  First  of  all  an  oscillating  mode  seems  to  appear 
in  the  present  experiment  at  higher  density  ratio  s  m  0.76  while 
Monkewitz  et  al.  (1990)  measured  the  critical  density  ratio  s  * 
0.73.  Moreover  the  mode  characterized  by  St  *  0.4,  called  by 
Monkewitz  et  al.  (1990)  Mode  II,  appears  first,  just  below  the 
critical  density  ratio,  while  in  the  experiment  of  Monkewitz  et 
al.  this  mode  dominates  for  the  density  ratio  0.47  s  s  s  55.  On 
the  other  hand  the  Mode  I  observed  by  Monkewitz  et  al.  which 
appears  below  the  critical  density  ratio  and  dominates  for  s  a 
0.62  was  not  found  during  present  study. 

4.  CONCLUDING  REMARKS 

Preliminary  experimental  results  of  the  study  of  the  heated  jet 
stability  were  presented.  Spectra  of  the  sound  pressure  level 
measured  at  the  nozzle  outlet  with  and  without  extension  tube 
were  discussed  briefly.  Without  any  extension  tube,  for  the 
thinnest  boundary  layer,  one  broadband  mode  at  St  «  0.46  was 
observed.  When  the  extension  tube  was  applied,  making  boun¬ 
dary  layer  thicker,  the  spectrum  became  more  peaky  for  the 
density  ratio  s  =  0.76,  with  fundamental  peak  at  St  =  0.413. 
Evolution  of  this  spectrum  for  various  density  ratios  was  also 
discussed  pointing  out  some  discrepancies  between  the  present 
results  and  previous  experimental  work  in  this  field. 
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■  ■■■  Kyle&  Sreenivasan  -ASME  nozzle 

•  •  •  •  Kyle  &  Sreenivasan  -  cubic  equation  nozzle 
AAAA  Riva 
AAAA  present  results 


Fig. 2.  MOMENTUM  THICKNESS  AS  A  FUNCTION 
OF  REYNOLDS  NUMBER 
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FIG. 3.  SOUND  PRESSURE  LEVEL  SPECTRA  MEASURED  WITHOUT  EXTENSION  TUBE  (a) 
AND  WITH  EXTENSION  TUBE  L/D=3,  FOR  THE  DENSITY  RATIO  s=0.48  AND  Re  =  9400 
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FIG.4. 
FOR  Re 


SOUND  PRESSURE  LEVEL  SPECTRA  MEASURED  WITH  THE  EXTENSION  TUBE  L7D  =  3 
=  9400  AND  VARIOUS  DENSITY  RATIOS:  s  =  1  (a),  s  =  0.76  (b),  s  =  0.67  (c)  AND  s  =  0.57  (d) 
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Instability  induced  by  a  roughness 


Kiyoaki  Ono  and  Tatsuo  Motohashi 


Abstract 

Instability  induced  by  an  isolated  roughness  in  a  laminar 
boundary  layer  is  investigated  by  both  experimental  and 
computational  approaches.  The  roughness  element  is  a  small 
circular  cylinder  which  is  submerged  in  the  boundary  layer  on 
a  flat  plate.  The  Reynolds  number  based  on  the  uniform 
velocity  and  the  roughness  height  is  700.  The  3D  Navier- 
Stokes  equations  are  solved  by  the  finite  difference  method. 
The  Cartesian  grid  is  overlaid  on  the  cylindrical  grid  to  get 
finer  space  resolution  in  the  wake  region.  The  experiment  is 
conducted  with  a  small  wind  tunnel.  The  longitudinal  velocity 
component  was  measured  using  a  hot-wire  anemometer.  The 
initial  evolution  of  disturbed  region  is  clearly  depicted  by  T 
the  two  methods.  We  found  that  the  inflectional  instability 
plays  an  essential  role  in  the  transition  process  behind  the 
isolated  roughness  element 

Introduction 

Transition  process  from  laminar  to  turbulent  flows  is 
initiated  by  instability  of  the  flow.  For  small  2D  disturbances, 
the  linear  stability  theory  is  useful  tool  to  predict  the  features 
of  the  disturbances.  Disturbances  in  actual  flow  fields, 
however,  have  finite  amplitude  and  3D  structure,  then  the 
experiment  and  the  direct  numerical  simulation(DNS)  are  the 
only  means  available  to  clarify  the  process. 

The  instability  induced  by  high  shear  layers  generated 
around  a  roughness  element  reminds  us  of  fundamental  issues 
of  the  instability;  the  evolution  of  velocity  fluctuation  and  the 
intrusion  of  disturbed  region  into  the  sunrounding  laminar 
fluid.  In  particular,  3D  isolated  roughness  stimulates  the 
surrounding  boundary  layer  and  creates  an  interesting 
interaction  between  the  roughness  wake  and  the  background 
boundary  layer.  Gregory  and  Walker(1951)  found  vortex 
systems  around  the  roughness  element  by  smoke-wire 
visualization  and  the  china  clay  technique. 
Mochizuki(1961)confirmed  the  vortical  structure  around  a 
spherical  roughness  element.  Recently,  Klebanoff  et 
al.(1992)made  an  experiment  on  the  evolution  of  a  turbulent 


boundary  layer  starred  by  a  semi-spherical  element  and 
concluded  that  an  incipient  stage  of  the  transition  is 
considered  to  be  a  stability  governed  phenomena  ;  the 
inflectional  profiles  on  the  center-line  is  responsible  for  the 
instability  and  the  hairpin  eddy  generated  in  the  inner  region. 
Their  results ,  however,,  could  not  draw  definite  conclusion  on 
the  relation  between  the  transition  and  a  fully  developed 
turbulent  boundary  layer  downstream 

In  this  paper,  our  focus  is  laid  on  the  development  of 
turbulent  regions  at  off-center  positions  and  finding  the 
mechanism  of  spreading  in  the  spanwise  direction. 

Numerical  computation 

Flowfield  around  and  downstream  the  roughness  element 
placed  in  the  boundary  layer  on  a  flat  plate  is  solved  by 
applying  the  finite  difference  method  to  3D  Navier-Stokes 
equations.  Computational  conditions  are  determined  from  the 
experimental  ones.  All  spatial  derivatives  except  those  of 
convection  terms  are  approximated  by  the  central  difference. 
The  third  order  upwind  scheme  is  applied  to  convection  terms. 
The  Euler  implicit  scheme  is  used  for  the  time  marching 
except  convection  terms  which  is  linearized  in  time.  The 
Poisson  equation  for  pressure  is  solved  by  SOR  method.  The 
divergence  free  term  is  added  according  to  MAC  method.  For 
the  solution  near  the  roughness  element  the  generalized 
curvilinear  body-fitted  grid  system  is  applied  to  treat  the 
boundary  layer  easily.  In  the  wake  of  the  roughness  element, 
the  Cartesian  grid  is  overlaid  on  the  body-fitted  grid  to 
improve  the  spatial  resolution.  The  mesh  size  is  80x100x75 
for  the  body-fitted  grid  and  400x414x75  for  the  Cartesian  grid. 
All  data  displayed  in  this  paper  are  limited  to  the  numerical 
results  and  to  the  half  of  the  flow  field. 

Experimental  setup 

A  small  low-turbulence  wind  tunnel  was  constructed  to 
measure  the  flow  characteristics  around  an  isolated  roughness 
element.  The  test  section  is  30cmx30cmx2m.  The  contraction 
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ratio  of  the  wind  tunnel  is  13.4.  The  wind  speed  is  controlled 
by  the  AC  fan-motor  from  0.5  to  '14  m/s.  Residual  turbulence 
at  U0=5.O  m/s  is  0.08  percent  of  the  uniform  velocity.  A  flat 
plate,  26cm(width)x90cm(length)x0.5cm(thickness),  is 
installed  in  the  center  of  the  test  section  horizontally.  The 
leading  edge  of  the  plate  is  machined  with  8:1  ellipse.  A 
cylindrical  roughness  with  2mm  diameter  and  2mm  height  is 
placed  10cm  behind  the  leading  edge.  The  hot-wire 
anemometer  of  constant-temperature  type  was  used  to 
measure  the  velocity.  The  hot-wire  sensor  is  2.5  micron  meter 
in  diameter  and  0.5mm  in  length  and  the  probe  of  I-type  is  set 
parallel  to  the  spanwise  direction.  The  Reynolds  number  of 
the  experiment  is  700.  The  break-out  of  disturbances  is  so 
critical  that  disturbances  appear  abruptly  when  the  uniform 
velocity  exceeds  a  threshold  value.  The  x  coordinate  is  taken 
in  the  flow  direction  from  the  center  of  the  roughness  element, 
the  y  coordinate  vertical  to  the  plate,  and  the  z  coordinate  in 
the  spanwise  direction.  All  coordinates  are  normalized  by  the 
roughness  height(=diameter). 

Results  and  Discussion 

One  of  adequate  indicator  of  the  development  of  the  flow 
behind  the  roughness  element  is  the  maximum  intensity  (RMS 
value)  of  velocity  fluctuation  in  the  crosssection  at  a  certain 
streamwise  position. 


suggesting  a  new  mechanism  of  creating  the  velocity 
fluctuation. 

Figure  2  indicates  the  z  coordinate  of  the  maximum 
intensity  of  velocity  fluctuation  in  the  half  plane.  The  peak 
moves  from  the  center(z=0)of  the  wake  to  the  off-center 
position(z=-1.44)  at  x=21.9.  This  dislocation  of  the  maximum 
intensity  means  an  appearance  of  new  unstable  region  at  the 
off-center  position. 


Fig.  1  streamwise 
velocity  fluctuation 


evolution  of  maximum  intensity  of 


The  maximum  intensity  of  velocity  fluctuation  in  the  y-z 
crosssection  shows  a  typical  streamwise  evolution  of  velocity 
fluctuation  in  the  transition  region  of  shear  flows  :  a  linear 
growth  of  amplitude  of  velocity  fluctuation  starts  in  the  near 
wake  of  the  roughness  element.  The  shedding  frequency  of 
sinusoidal  velocity  fluctuation  normalized  with  the 
displacement  thickness  at  the  roughness  position  and  the 
uniform  velocity  is  0.073.  A  long  nonlinear  region  follows  the 
short  linear  region.  The  intensity  increases  up  to  13  percent  of 
the  uniform  velocity  at  x=6.22  and  decays  slowly  in  the  flow 
direction.  It  must  be  noted  that  there  is  a  kink  on  this  curve  at 
x=21.9  ;  the  intensity  begins  to  rise  again  gradually  thereafter. 
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Fig.2  z  coordinate  of  maximum  intensity  of  velocity 
fluctuation 

Fig.3  is  a  slant  view  of  the  amplitude  spanwise  distribution 
at  y=l.  The  amplitude  of  velocity  fluctuation  on  the  center 
line  starts  to  decay  at  x=6.2  and  instead  of  it,  a  new  peak  turns 
up  in  the  off-center  position.  We  recognized  the  difference  of 
the  streamwise  growth  of  the  two  peaks.  The  side  peak  has 
much  lower  amplification  rate  than  the  peak  on  the  center-line. 
The  cause  of  the  new  instability  should  be  examined  in 
detailed  on  the  instability  viewpoint, 

y=1.0 


Fig.3  Variation  of  spanwise  amplitude  distribution  at  y=l 

Fig.4(a)  and  Fig4.(b)  show  the  spanwise  variation(half  of 
the  flow  field)  of  mean  velocity  profiles  of  longitudinal 
component  at  x=7.98.  In  the  vicinity  of  the  center-line. 
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effect  of  Horseshoe  vortex.  The  region  of  acceleration  is  Horseshoe  vortex  makes  the  profile  unstable.  The  results  may 
sandwiched  in  decelerated  regions.  In  the  decelerated  region,  give  us  a  key  to  solve  the  issue  of  initial  development  of 
the  velocity  profile  becomes  unstable.  turbulence  wedge;  rapid  spanwise  expansion  of  the  turbulent 

region. 


z 


Fig.4(a)  Spanwise  variation  of  mean  velocity  distributions 
(x=7.98) 


z 


Fig.4(b)  Spanwise  variation  of  mean  velocity  distributions 
(x=7.98) 

Mean  velocity  profiles  in  the  vertical  direction  depend 
strongly  on  the  spanwise  location.  Near  the  roughness  element, 
intense  acceleration  occur  in  the  vicinity  of  the  flat  plate. 

Velocity  profiles  at  several  z  positions  show  some  peculiar 
features  as  shown  Fig.5(a).  The  y  position  of  maximum 
velocity  fluctuation  coincides  with  that  of  inflection  point. 
Then,  it  is  suggested  in  the  fact  that  the  inviscd  stability 
governs  the  phenomena.  The  spanwise  gradient  of  mean 
velocity  vanishes  at  z=-1.44  where  the  intensity  of  fluctuation 
reaches  the  maximum(Fig.5(b)). 


Concluding  Remarks 

We  found  two  kinds  of  turbulent  region  in  the  wake  of  an 
isolated  roughness  element  in  a  laminar  boundary  layer.  The 
inflectional  instability  is  the  fundamental  mechanism  of 
disturbances  in  the  both  regions.  The  fluctuadon  on  the  center- 
line  is  generated  by  the  high  shear  layer  immediate  behind  the 
roughness  element  and  its  characteristics  might  show  good 
agreement  with  the  2D  linearised  stability  calculation.  In  the 
off-center  turbulent  region,  the  upwash  induced  by 
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Fig.5(a)  Spanwise  variadon  of  velocity  distributions  at  x=20 
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Fig.5(b)  Vertical  variadon  of  spanwise  velocity  distribution 
at  x=20. 
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ABSTRACT 

This  work  presents  computations  of  a  strongly  swirling,  non- 
premixed  methane-air  diffusion  flame  in  unconfined  surrounding. 
Turbulence  is  modelled  with  three  different  linear  and  non-linear 
second  order  moment  closures.  Additionally,  realizability  con¬ 
straints  are  applied  to  the  pressure-strain  correlation.  Combustion 
is  assumed  to  be  in  chemical  equilibrium.  Results,  shown  as  first 
and  second  order  moments  of  velocity,  are  compared  with  exper¬ 
imental  data,  obtained  from  Laser-Doppler-Velocimetry.  Impor¬ 
tant  properties  of  the  flow  such  as  the  central  recirculation  zone 
are  captured  by  all  models. 

INTRODUCTION 

Strongly  swirling  flows  are  widely  used  in  technical  non- 
premixed  combustion  systems,  for  swirl  enhances  mixing  and  sta¬ 
bilizes  the  flame.  The  resulting  flow  shows  strong  streamline  cur¬ 
vature  and  a  central  recirculation  zone. 

Turbulence  in  such  complex  flows  is  mostly  simulated  with  the 
k-  £  model  (Leschziner  and  Rodi  (1984),  Dixon  et  a 1.  (1983)) 
plus  additional  correction  techniques  such  as  Richardson  number 
dependence. 

Second  order  moment  closures  (SMC)  have  been  applied  to 
isothermal  swirling  jets  (Smirnov  and  Chomiak  (1996),  Gibson 
and  Younis  (1986),  Younis  et  a 1.  (1996))  and  to  confined  systems 
with  density  changes  but  without  central  recirculation  zone  (Hogg 
and  Leschziner  (1989),  Jones  (1994)). 

In  this  study  a  strongly  swirling  non-premixed  methane-air 
diffusion  flame  is  investigated  numerically  and  experimentally. 
Three  second  order  closure  models,  two  linear  (Launder  et 
al.  (1975),  Jones  and  Musonge  (1988)  in  its  revised  form  of  Jones 
(1994))  and  one  non-linear  (Speziale  et  al.  (1991)),  referred  to 
as  LRR,  JM  and  SSG  respectively,  are  applied  and  selected  ve¬ 
locity  profiles  of  first  and  second  order  moments  are  compared 
with  experimental  data.  These  are  obtained  from  two-component 
Laser-Doppler-Velocimetry.  Scalar  quantities  are  computed  with 
the  eddy-viscosity  approach.  This  is  in  contrast  to  the  second  or¬ 
der  closure  of  the  Reynolds  stresses  but  gives  sufficient  accuracy 
to  serve  as  first  test,  especially  since  the  LRR  and  the  SSG  model 
both  were  not  developed  for  flows  with  density  gradients.  Simi¬ 
larly,  a  simple  combustion  model  with  the  underlying  assumption 
of  an  infinitely  fast  reaction  is  chosen.  It  is  assumed,  that  with  this 
set-up  the  turbulence  models  can  be  compared. 


APPLIED  MODELS 


Turbulence  Models 

Through  the  use  of  density  weighted  or  so  called  Favre  averages 
<P;  =  <P/  +  <P!\  (1) 

the  time  independent  conservative  equations  for  mass  and  mo¬ 
mentum  are 


d(P“<)  0 

dx i 


(2) 


d(p  Wj) 
dx j 


dp_ 

dxj 


+  PS/  + 


_d_ 

dxj 


The  last  term  is  known  as  Reynolds  stress  tensor  and  demands 
treatment  in  form  of  modeling. 

SMC  can  be  written  in  a  general  form 


a(p«i WjBk) 

dxk 


—  p  ($?ij  Ely)  +  n,'y  + 


P^[dp  +  P^[dl 

p  dx,  p  dx/ 


(4) 


where  the  symbols 


-  U“dxk+U^dxJ 

(5) 

du’’  du" 

—  2v — - - 

dxk  dxk 

(6) 

,du" 

=pf*j+pi£ 

(7) 

=  P«^+7?6y*+^"8,, 

(8) 
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Table  !:  MODEL  CONSTANTS  FOR  SMC  AS  THEY  AP¬ 
PEAR  IN  (11),  (12)  and  (13) 


Model 

6e, 

(a 

~TRR 

~T. W~ 

~ 0T5 

0.22 

1.5 

-0.582 

JM 

1.40 

1.90 

0.18 

0.22 

3.0 

-0.44 

SSG 

1.44 

1.83 

0.183 

0.22 

1.7 

-0.4167 

Model 

. C3 

C4 

c„, 

~TM 

0.764 

-0.182 

— 

JM 

0.46 

-0.23 

— 

— 

SSG 

0.4125 

-0.0167  -  0.65 Vbtlb,k 

1.8 

4.2 

represent  production,  dissipation,  redistribution  and  transport,  re¬ 
spectively. 

For  variable  density  flows  an  additional  term  with  a  density- 
velocity  correlation  linked  to  the  mean  pressure  gradient  ap¬ 
pears  in  (4).  Following  Jones  (1979)  and  a  study  by  Pfuderer  et 
a 1.  (1996)  it  can  be  modelled  from  a  truncated  conservation  equa¬ 
tion  as 


p^  =  -_L^;x|p  . 

K  '  4.3  e  '  1  dxj 


(9) 


However,  it  is  found  that  in  this  flow  the  term  yields  no  essential 
contribution  to  (4)  and  therefore  will  not  be  considered  any  further 
in  this  study. 

Except  for  T,j,  the  terms  (6)  -  (8)  require  modeling.  Standard 
models  for  Zjj  (local  isotropy)  and  Qjk  (Daly  and  Harlow,  (1970)) 
are 


Qjk  — 

a(pewy) 


-k  - du'/u" 

K—  it.. ti  1  j 


ijk  ~  ~C/!.pukull  ^ 


2-S 
E"=3e5' 


'!)  > 


„  _eVT,  3«»  ,r  j  P'»" 

dxj  '  k  1  Jdxj  k  k  p  dxi 


1 1,, it  ^ 


+&ri{CePVJUk^t 


(10) 


(in 


Again,  the  term  involving  the  mean  pressure  gradient  in  (11)  is 
neglected. 

The  pressure-strain  correlation  FI,,  is  usually  split  into  two 
parts.  The  return  term  is  responsible  for  the  return  to  isotropy 
without  mean  shear  whereas  the  rapid  part  counteracts  the  pro¬ 
duction  by  redistributing  the  Reynolds  stresses.  Most  models  like 
LRR  and  JM  use  the  formulation 


n]'-  =  -C,  pe 


+  C28,7p«"«" 


dui 

dxm 


-  C3 p Tij  +  C4pk  (  ^  ^  )  -  \c<p k^-bij 

-(^c2+c3)  f^)  • 


(12) 


They  are  linear  in  terms  of  the  mean  strain  and  Reynolds  stresses. 
However,  the  constants  proposed  by  LRR  and  JM  are  derived  with 
different  strategies. 

A  nonlinear  extension  to  (12),  namely  with  terms  quadratic  in 
u"u"j,  has  been  published  by  Speziale  et  a 1.  (1991)  to  give  the  SSG 
model 


Realizability 

In  regions  of  strong  streamline  curvature,  which  occur  in  the 
area  where  entrainment  and  jet  flow  meet  and  are  mixed,  the  tur¬ 
bulence  models  seem  to  predict  unrealizable  states.  Thus,  special 
care  must  be  taken  to  suppress  such  behavior.  Based  on  the  anal¬ 
ysis  of  Durbin  and  Speziale  (1994),  coefficients  of  the  redistribu¬ 
tion  term  are  modified  when  the  limit  F  —  1  4-  9(77/  —  1  /277)  =  0 
is  reached,  which  corresponds  to  the  upper  edge  in  the  Lumley 
invariant  triangle.  Here,  77  =  b^bik  and  777  =  bkibimbmk  represent 
second  and  third  invariants  of  anisotropy  tensor  b,j  respectively. 
Following  this  study,  the  LRR  model  is  modified  by 


C, 


=  max 


C1>1+  2C2?-3C4A.i 


(14) 


where  Aj  is  the  largest  eigenvalue  of  the  matrix 


k  /  dCij  dUj 
2e  \3 xj  dxj 


The  nonlinear  SSG  model  alters  to 


C]  =  max 


C|,l-=  CJT  + 


.‘P  ,  cnl 


+lC2I  +  t//-3CAi 


(15) 


(16) 


For  the  JM  model,  Alvarez  and  Jones  (1993)  have  concluded, 
that  realizable  solutions  are  obtained  by  adjusting  the  coefficients 
C2  and  C4  of  the  rapid  part  as 


C2  =  C2  min  [max  [5F,  0] ,  1 J  , 
C4  =  C4  min  [max  |5F,  Oj  ,  1 J  . 


(17) 


Chemical  and  Mixing  Model 

The  combustion  process  is  described  under  the  assumption  of 
chemical  equilibrium.  The  infinitely  fast  reactions  do  not  account 
for  extinction  effects,  but  are  supposed  to  give  a  good  representa¬ 
tion  of  the  density  and  temperature  profiles.  Since  the  calculations 
do  not  aim  to  give  accurate  predictions  of  species  concentrations 
but  rather  address  to  estimate  the  applicability  of  second  order 
turbulence  closure  models  to  complex  flows,  this  approach  seems 
legitimate. 

The  eddy-viscosity  approach  is  applied  to  model  scalar  fluxes. 
The  resulting  transport  equations  for  mean  mixture  fraction  f  and 

its  variance  f"2  are 


8pw<7  _ 

d 

'  ( 

M 

3/‘ 

dXj 

dxj 

P  1  v  + 
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)  df"2 
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P  (  v  + 

CT  ft  <2 

J  dx, 

—  2p 

+  2p  — 

°7 


(18) 


(19) 


with  Of  -  Of,, 2  —  0.7.  Turbulent  viscosity  is  computed  from  vr  = 

Cf,k2/ e,  CfI  being  0.09.  The  integration  of  a  presumed  probability 
density  function  ((3-function)  yields  mean  density  and  viscosity. 


n f?G  =  n|‘n+cnlp£ [babtj-^&ij]  -qpTbu .  03) 

where  the  anisotropy  tensor  b-,j  =  u''u’j/(2k)  -  1/35/ 7  has  been 
used  and  T  =  1  j2Tkk . 

All  model  constants  are  summarized  in  table  1. 


EXPERIMENTAL  SYSTEM 

The  velocity  field  of  the  strongly  swirling  methane  flame  with 
a  thermal  load  of  150  kW  is  investigated  experimentally  with 
a  two-component  fiberoptic  Laser-Doppler-Anemometer.  The 
laser  beam  of  a  4  W  Ar-lon-Laser  is  divided  by  means  of  a  Bragg 
cell  into  a  beam  pair  of  the  wavelengths  514.5  nm  (green)  and  488 
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Figure  1:  BURNER  GEOMETRY 


nm.  The  laser  beams  are  collimated  in  a  measurement  volume  of 
780  gtm  •  94  jjm  with  a  front  lens  of  600  mm  focal  length. 

Statistical  averaging  is  transit  time  weighted  to  minimize  ve¬ 
locity  bias.  An  estimate  of  the  statistical  error  concerning  mean 
velocity  is  6%,  whereas  fluctuations  are  accurate  within  8%. 

Geometry  is  explained  in  Fig.  1.  The  theoretical  swirl  number 
of  2  results  in  an  effective  swirl  number  of 


5  = 


uwp-dr 

■dL— - =  0.95 

Ra  fg“  u2  rdf 


(20) 


The  fuel/air  ratio  of  1.2  corresponds  to  volumetric  streams  of  15 
and  180  m^/h  and  Reynolds  numbers  of  8000  and  42900  for  fuel 
and  air,  respectively. 

For  a  more  detailed  description  of  the  burner  and  the  experi¬ 
mental  setup  see  Kremer  et  a 1.  (1997). 


NUMERICAL  SETUP 

All  equations  are  formulated  in  cylindrical  coordinates  and 
solved  on  a  staggered  orthogonal  grid.  The  computational  domain 
ranges  from  zero  to  L  =  1.2  m  axially  and  W  =  0.9  m  radially  with 
a  resolution  of  60  x  50  points  and  a  grid  stretching  of  ax  =  1.08 
and  ar  =  1.12,  thus  giving  the  highest  resolution  at  burners  exit. 

The  SIMPLE  method  introduced  by  Patankar  and  Spalding 
(1972)  ensures  conservation  of  mass  and  momentum  through  the 
use  of  a  pressure-correction  equation.  All  convective  terms  are 
discretized  with  the  QUICK  scheme  of  Leonhard  (1979). 

Zero  gradient  boundary  conditions  are  applied  at  the  outlet 
plane  (x  =  L).  Entrainment  at  r  =  IV  is  obtained  from  the  so¬ 
lution  of  a  discrete  continuity  equation  for  each  control  volume. 
At  the  inlet  plane  ( x  =  0)  first  and  second  order  velocity  moments 

except  v"w"  are  extracted  from  the  experiment.  The  dissipation 
rate  is  calculated  from  the  well  known  mixing  length  formula 

e  =  C^P^/L,  L  being  20  %  of  the  width  of  the  annulus. 

RESULTS  AND  DISCUSSION 

All  models  succeed  to  predict  a  recirculation  zone  and,  as  to  be 
seen  in  Fig.  2,  the  first  stagnation  point  lies  very  close  to  the  noz¬ 
zle.  This  is  well  captured  by  all  models.  The  negative  extremum 
of  the  velocity  on  the  axis  occurs  at  x  =  45  mm  with  umjn  —  17 
m/s,  and  is  under-predicted  by  the  JM  model.  Both,  the  LRR 
and  the  SSG  model  over-predict  this  value.  Discrepancy  is  found 
for  the  prediction  of  the  second  stagnation  point  at  approximately 
x  =  150  mm  where  the  SSG  and  the  LRR  models  fail,  i.e.  they  tend 
to  enlarge  the  length  of  the  recirculation  zone,  see  Fig.  3.  The  JM 
model  shows  good  accordance  concerning  the  recirculation  zone. 

The  distribution  of  the  turbulent  kinetic  energy  along  the  axis 
is  similar  for  all  models,  which  predict  a  maximum  at  x  —  40  mm, 
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Figure  2:  STREAMWISE  DISTRIBUTION  OF  MEAN 
VELOCITY  AND  MEAN  TURBULENT  KINETIC  ENERGY: 
SSG  - ,  LRR - ,  JM  . ,  Exp.  • 


the  experiment  giving  x  =  80  mm.  The  shift  of  the  maximum 
towards  the  nozzle  is  probably  due  to  a  misrepresentation  of  the 
near  wall  turbulence,  where  fluctuations  normal  to  the  wall  are 
damped.  The  backward  flow  in  this  region  is  comparable  to  an 
impinging  jet.  This  effect  would  have  to  be  accounted  for  through 
wall  functions,  which  are  not  used  in  this  work.  Likewise  im¬ 
proved  chemical  and  scalar  models  are  to  be  incorporated. 

Radial  profiles  of  it  and  w  are  reflected  in  Fig.  4.  Away  from 
the  axis  of  symmetry  the  model  predictions  are  far  more  similar 
to  each  other  than  their  streamwise  values.  The  SSG  model  is 
slightly  superior  over  the  linear  formulations.  Especially  in  the 
region  behind  the  second  stagnation  point  the  quadratic  pressure- 
strain  model  shows  good  accordance  with  the  measured  swirl  ve¬ 
locity  component.  Overall  agreement  is  encouraging. 

In  Fig.  5  the  important  Reynolds-stress  component  u"v"  and 
turbulent  kinetic  energy  k  are  plotted  and  compared  with  experi¬ 
mental  data.  All  models  correctly  predict  tendency  and  change  of 

sign  for  u"v".  Within  the  recirculation  zone  the  maximum  of  the 
shear  stress  is  over-predicted. 

Again,  close  to  the  nozzle  the  profiles  of  turbulent  kinetic  en¬ 
ergy  are,  as  discussed  above  and  seen  in  Fig.  2,  not  in  good  agree¬ 
ment  with  experiments.  Outside  the  recirculation  zone  they  pre¬ 
dict  the  expected,  measured  contours. 

CONCLUSIONS 

The  flow  in  a  strongly  swirling  combusting  natural  gas  flame 
was  studied  with  three  different  Reynolds  stress  closures.  The  first 
and  second  order  moments  of  the  velocity  field  were  compared 
with  experimental  data  and  revealed  overall  acceptable  agreement 
with  respect  to  the  fairly  simple  chemical  and  scalar  model  as¬ 
sumptions.  The  correct  prediction  of  the  second  stagnation  point 
turned  out  to  be  a  sensitive  test  for  all  models.  Improvements  of 
model  predictions  near  the  exit  of  the  burner  are  necessary.  How¬ 
ever,  the  non-linear  SSG  model  seems  to  have  superseded  the  lin¬ 
ear  approaches,  except  for  deficiencies  in  the  recirculation  zone. 
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Figure  4:  CROSSWISE  DISTRIBUTION  OF  MEAN  AXIAL  VELOCITY  u  AND  SWIRL  VELOCITY  w>: 
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Figure  5'  CROSSWISE  DISTRIBUTION  OF  REYNOLDS  STRESS  COMPONENT  u"v" 
AND  TURBULENT  KINETIC  ENERGY  k: 
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ABSTRACT 

A  scalar  pdf  method  has  been  implemented  into  the  multi¬ 
purpose  CFD  code  FIRE  in  order  to  simulate  three-dimensional 
inhomogeneous-charge  SI  engine  combustion.  The  probability 
method  adopted  solves  the  multi-scalar  pdf  transport  equation 
for  the  thermochemical  variables  required  to  describe  the 
reactive  system.  In  the  present  case  of  a  single-step  global 
reaction,  the  pdf  transport  equation  involves  the  scalar 
quantities  mixture  fraction,  reaction  progress  variable  and 
enthalpy.  Numerical  solution  of  the  pdf  transport  equation  is 
enabled  by  using  a  Monte-Carlo  particle  method. 

In  order  to  assess  the  ability  of  the  method  to  reflect  the 
characteristic  features  of  premixed  flame  propagation  in 
engines,  different  aspects  of  the  SI  engine  combustion  process 
have  been  numerically  studied  in  the  disc-shaped  combustion 
chamber  of  a  two-valve  engine  configuration  under  varying 
operating  conditions.  The  results  comprise  data  on  flame 
propagation  characteristics  as  well  as  data  on  heat  release  and 
on  flame  front  propagation  velocity  for  variations  in  engine 
speed,  load,  fuel  to  air  equivalence  ratio  and  residual  gas  mass 
fraction.  Finally,  the  application  of  the  method  to  stratified- 
charge  SI  engine  combustion  is  presented  and  discussed. 

INTRODUCTION 

The  flame  front  propagation  characteristic  during  SI  engine 
combustion  is  determined  by  the  structure  and  intensity  of  the 
pre-combustion  in-cylinder  flow  field  and  by  the  contribution 
of  the  volumetric  expansion  of  the  hot  combustion  products  to 
the  overall  flame  propagation  velocity.  The  flame  speed  is 
governed  by  the  chemical  reaction  kinetics  and  the  turbulent 
velocity  and  concentration  fluctuations  acting  on  the  flame  and 
leading  to  a  convoluted  structure  of  the  reaction  zone.  The 
turbulent  fluctuations  in  the  flame  result  in  intensified  mixing 
of  the  cold  reactants  with  the  hot  combustion  products  and  lead 
to  an  increased  rate  of  mean  fuel  conversion. 

The  local  chemistry  /  turbulence  interaction  that  eventually 
expresses  itself  in  different  combustion  regimes  is  determined 
by  the  ratio  of  the  instantaneous  chemical  reaction  rates  and 
the  intensity  of  the  stochastic  fluctuations  of  the  flow  variables, 
hence  by  the  ratio  of  the  time  scales  of  the  chemical  and 
physical  processes.  Additionally,  in  the  case  of  stratified- 
charge  combustion,  turbulent  flame  propagation  may  occur 
under  premixed,  partially  premixed  and  diffusion  flame 


conditions  where  the  fuel  to  air  equivalence  ratio  in  the 
reaction  zone  may  considerably  deviate  from  stoichiometry 
resulting  in  local  flame  quenching  and  the  formation  of  unbumt 
hydrocarbons.  In  order  to  numerically  capture  the  relevant 
features  of  flame  propagation  under  the  above  described 
conditions,  it  is  of  significant  importance  to  accurately  mode! 
the  simultaneous  effects  of  finite-rate  chemistry  and  turbulent 
mixing  in  the  reaction  zone. 

Modelling  the  turbulence  /  chemistry  interaction  during 
hydrocarbon  oxidation  is  the  major  challenge  in  simulating 
turbulent  reacting  flows  (Borghi,  Cant  and  Bray,  El  Tahry, 
Meneveau  and  Poinsot,  Pope).  The  intimate  coupling  of  the 
chemistry  and  the  flow  field  quantities  stems  from  the  high 
nonlinearities  of  the  chemical  reaction  rates  in  combination 
with  the  local  stochastic  fluctuations  of  the  flow  and 
composition  fields.  Since  the  complete  spectrum  of  time  and 
length  scales  of  these  fluctuations  cannot  be  resolved  within 
present  numerical  methods,  the  common  practice  adopts  an 
averaging  procedure  replacing  the  instantaneous  flow  field 
quantities  by  its  mean  and  fluctuating  components. 

This  procedure,  however,  leads  to  a  significant  loss  of 
information.  Mathematically  this  results  in  the  appearence  of 
terms  in  the  conservation  equations  which  contain  statistical 
correlations  of  fluctuating  components  that  have  to  be 
expressed  by  means  of  known  mean  flow  quantities.  The  most 
important  term  in  the  context  of  chemically  reacting  flows  is 
the  one  determining  the  mean  rate  of  fuel  conversion  and  hence 
heat  release.  In  the  past,  different  models  of  various  levels  of 
complexity  and  partly  involving  severe  assumptions  concerning 
the  combustion  regime  have  been  proposed  in  order  to  mode! 
this  term  in  the  relevant  conservation  equations. 

One  modelling  methodology  adopted  in  the  past  (Ramos  and 
Sirignano,  Ryn  and  Asanuma)  assumes  that  the  mean  rate  of 
chemical  reaction  is  purely  determined  by  chemical  kinetic 
effects  and  that  the  influence  of  turbulence  on  combustion  only 
enters  via  the  effect  of  turbulent  diffusion.  Another  class  of 
models  is  based  on  the  assumption  that  the  mean  rate  of 
reaction  is  independent  of  the  details  of  the  reaction  kinetics 
and  hence  the  reaction  progress  is  solely  determined  by 
intermixing  of  cold  reactants  with  hot  combustion  products 
(Ahmadi-Beffui  et  al.).  Although  very  helpful  in  providing  a 
qualitative  picture  of  premixed  SI  engine  combustion,  these 
models  show  very  limited  applicability  to  situations  where 
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finite-rate  chemistry  effects  play  an  important  role  during 
turbulent  flame  propagation  in  engines. 

Models  have  been  proposed  that  are  based  upon  solving 
transport  equations  for  the  mean  and  variance  of  a  reaction 
product  mass  fraction  and  adopting  a  presumed  pdf  distribution 
in  order  to  account  for  the  turbulence  /  chemistry  interaction  in 
the  flame  (Bray  and  Moss,  Borghi  and  Moreau).  Although 
superior  to  the  previously  mentioned  models,  it  appeared  to  be 
impossible  to  adequately  describe  all  possible  shapes  of  the  pdf 
which  might  occur  during  transient  flame  propagation  in 
engines  by  just  taking  into  account  the  first  two  moments. 
Moreover,  the  effort  required  to  extend  this  approach  to 
partially  premixed  flames  or  to  complex  reaction  systems  is 
prohibitive. 

The  most  promising  methods  in  this  respect  are  based  upon 
solving  a  full  pdf  transport  equation  for  the  relevant  flow  and 
combustion  quantities  under  consideration  (Dopazo,  Pope, 
O'Brian,  Janicka  et  al.).  These  transported  pdf  models  do  not 
rely  on  the  assumption  of  infinitely  fast  chemical  reaction,  the 
presence  of  thin  reaction  sheets  or  on  a  presumed  shape  of  the 
probability  density  function  distribution.  Hence,  they  are  well 
suited  for  application  to  inhomogeneously  premixed  and 
stratificd-charge  combustion,  where  the  fuel  to  air  equivalence 
ratio  might  show  large  spatial  and  /  or  temporal  variations. 
Moreover,  the  transported  pdf  method  enables  simultaneous 
treatment  of  premixed,  partially  premixed  and  fully  non- 
premixed  combustion  situations  and  offers  the  unique 
opportunity  of  straightforward  implementation  of  arbitrarily 
complex  chemistry. 

It  is  the  aim  of  the  present  paper  to  describe  the 
implementation  of  a  transported  multi-scalar  pdf  combustion 
model  into  the  commercial  CFD  code  FIRE,  to  present  some 
selected  results  of  the  verification  studies  that  have  been 
performed  and  finally  to  demonstrate  the  applicability  of  the 
model  to  stratified-charge  SI  engine  combustion  simulation. 

MATHEMATICAL  MODEL 
Gas  Motion 

The  CFD  method  applied  in  the  present  work  is  the 
thermofluids  analysis  software  package  FIRE  (Tatschl  et  al.). 

FIRE  solves  the  density-weighted,  ensemble-averaged 
conservation  equations  of  total  mixture  mass,  momentum  and 
enthalpy,  and  the  transport  equations  of  the  k-e  turbulence 
model.  Additional  species  mass  fraction  transport  equations  are 
solved  in  order  to  capture  species  mixing  processes  during 
intake  and  compression. 

The  governing  equations  are  recast  into  the  curvilinear  non- 
orthogonal  form  and  transformed  to  a  contracting  /  expanding 
co-ordinate  system,  so  to  enable  their  solution  on  body-fitted 
computational  grids  with  moving  boundaries.  The  partial 
differential  /  transport  equations  are  discretised  on  the  basis  of 
a  finite-volume  method.  The  temporal  discretisation  is  Euler 
implicit,  in  order  to  ensure  unconditional  numerical  stability, 
for  approximation  of  the  spatial  derivatives  a  hybrid  central  / 
upwind  or  optional  higher  order  differencing  schemes  are  used. 
These  practices  lead  to  coupled  algebraic  equation  systems 
solved  iteratively  based  on  a  pressure-velocity  coupling 
procedure.  The  solution  of  each  algebraic  equation  system  is 
effected  using  the  ILU  preconditioned  conjugate  gradient 
method  for  unsymmetric  problems,  ORTHOMIN. 

Thermochemistry 

In  the  present  study  the  hydrocarbon  oxidation  process  is 
expressed  by  a  single-step  irreversible  combustion  reaction,  in 
which  fuel  and  oxygen  are  converted  into  the  stable 
combustion  products  carbon-dioxide  and  water.  In  the 
calculations  performed,  octane  is  used  for  representation  of  the 


hydrocarbon  fuel,  with  the  Arrhenius  rate  coefficients  for  the 
global  reaction  step  based  upon  those  given  by  Westbrook  and 
Dryer.  These  had  been  shown  to  predict  the  variation  of 
laminar  burning  velocity  reasonably  well  for  a  wide  range  of 
equivalence  ratio. 

In  order  to  represent  the  reactive  system  two  non- 
dimensionalised  variables,  namely  a  mixture  fraction  f  and  a 
reaction  progress  variable  'c'  are  adopted.  The  mixture  fraction 
is  equivalent  to  the  total  (burnt  plus  unburnt)  fuel  mass 
fraction  and  thus  a  measure  of  the  mixing  between  the  air  and 
the  fuel,  irrespective  of  the  combustion  process.  The  reaction 
progress  variable  is  equivalent  to  the  reaction  product  mass 
fraction  that  occurs  such  that  either  all  the  fuel  or  all  the 
oxidant  is  depleted  (or  both  for  stoichiometric  mixtures).  The 
reaction  progress  variable  is  bounded  by  the  values  of  zero  and 
unity  corresponding  to  the  unbumt  and  burnt  states, 
respectively,  regardless  of  the  equivalence  ratio. 


Combustion  Model 

The  well  known  closure  problem  of  turbulent  reacting  flows 
does  not  appear  if  the  flow  quantities  are  treated  as  random 
variables,  and  their  joint  probability  density  function  is 
evaluated  at  each  point  of  the  flow  field.  Therefore,  in  the 
present  study  a  transported  multi-scalar  pdf  model  has  been 
adopted  (Pope).  The  solution  of  the  pdf  transport  equation 
provides  a  complete  statistical  description  of  the  spatial  and 
temporal  probability  distribution  evolution  of  the  scalars 
mixture  fraction,  reaction  progress  variable  and  enthalpy.  The 
pdf  model  accounts  for  the  simultaneous  effects  of  turbulent 
mixing  and  chemical  kinetics  in  the  reaction  zone,  obviating 
the  need  for  any  prior  assumptions  as  to  whether  one  or  the 
other  of  the  two  processes  governs  the  mean  rate  of  reaction. 

The  modelled  form  of  the  pdf  transport  equation  used  in  the 
present  study  can  be  written  as 


-  _  i-  V(Jj 

at  i  =  l 


m  i  a 

lA£-rT(x,.) 


dxj 


3xj 


In  the  above  f^vj/;x,tj  denotes  the  probability  density 

function  of  the  scalar  variables,  U,(x,  t)  represents  the  velocity 
in  Xj-direction,  p(x,  t)  is  the  density,  rT(x,t)  is  the  diffusion 
coefficient,  which  in  the  present  case  is  based  upon  the 
solution  of  the  k-e  equations.  Sa(x,  t)  represents  the  effect  of 
chemical  reaction  calculated  based  upon  the  global  reaction 
step  described  above  and  to  is  the  turbulent  mixing  frequency 
obtained  from  the  solution  of  the  two  equation  k-e  turbulence 
model  as  co=e/k.  Closure  of  the  unknown  terms  in  the  pdf 
transport  equation  was  achieved  by  adopting  a  gradient 
diffusion  approximation  and  a  stochastic  mixing  model  (Curl) 
for  modelling  turbulent  convection  in  physical  and  molecular 
mixing  in  composition  space,  respectively. 

The  pdf  transport  equation  is  solved  adopting  a  Monte  Carlo 
simulation  approach  (Pope),  in  which  the  continuous 
probability  density  function  is  represented  by  an  ensemble  of 
notional  elements  located  at  the  cell  centres  of  the  finite 
volume  computational  grid.  In  order  to  advance  the  pdf  in  time, 
the  notional  elements  are  transported  across  physical  and 
composition  space  according  to  the  processes  of  convection, 
diffusion,  chemical  reaction  and  mixing,  which  are  simulated 
sequentially  by  means  of  an  operator  splitting  technique. 

The  solution  of  the  coupled  finite-volume  mean  flow  method 
with  the  Monte  Carlo  pdf  simulation  algorithm  is  performed  in 
a  time  marching  method,  with  the  mean  velocity,  pressure  and 
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scalar  fields  iteratively  updated  according  to  the  solution  of  the 
Monte  Carlo  algorithm,  until  full  convergence  of  the  set  of 
equations  is  obtained. 

APPLICATION  DETAILS 

In  order  to  assess  the  ability  of  the  adopted  pdf  combustion 
model  to  reflect  the  characteristic  features  of  flame  propagation 
in  engines,  different  aspects  of  premixed  SI  engine  combustion 
have  been  studied  numerically  in  the  disc-shaped  combustion 
chamber  of  a  two-valve  research  engine  configuration  for 
different  homogeneous-charge  operating  conditions.  The 
cylinder  bore  and  stroke  were  85  mm  and  94  mm,  respectively, 
the  compression  ratio  was  10:1.  For  all  test  cases  under 
consideration  the  engine  was  run  at  1000  rpm  with  the  spark 
timing  at  33  degrees  crank-angle  before  top  dead  centTe  (TDC). 

The  in-cylinder  flow  and  charge  mixture  composition 
evolution  prior  to  combustion  were  obtained  through 
simulation  of  the  complete  gas  exchange  and  compression 
strokes.  An  unsteady  gas  dynamic  and  cycle  calculation  method 
was  used  to  provide  the  initial  and  boundary  conditions  for  the 
multidimensional  simulation  under  the  operating  conditions  of 
interest.  This  procedure  enabled  incorporation  of  all  data 
pertinent  to  the  operating  engine,  including  the  pressure  wave 
oscillations  in  the  intake  system. 

The  calculations  started  at  inlet  valve  opening  and  were 
continued  until  complete  combustion  of  the  cylinder  charge.  A 
computational  time-step  equivalent  to  1/10  degree  crank-angle 
was  used  throughout  the  calculations.  The  total  number  of 
Monte  Carlo  particles  taken  for  representation  of  the  pdf 
distribution  during  combustion  was  chosen  to  be  0.9  million. 
Spark  ignition  was  simulated  through  prescription  of  the 
temporal  variation  of  the  reaction  progress  variable  in  a  block 
of  computational  cells  at  the  spark  location,  representing  the 
very  early,  initially  laminar  flame  kernel  formation  phase 
(Tatschl). 

Model  verification  was  achieved  by  comparison  of  the 
calculated  results  with  the  corresponding  experimental  data 
obtained  in  the  optically  accessed  combustion  chamber  of  a 
single  cylinder  research  engine  (Tatschl  et  al.,  Winklhofer  et 
a!.). 

In  order  to  demonstrate  the  applicability  of  the  method  to 
stratified-charge  combustion,  the  processes  of  internal  mixture 
formation  and  combustion  were  simulated  for  an  engine 
configuration  adopting  AVL's  Direct  Mixture  injection 
technology.  With  DMI,  fuel-stratification  is  obtained  by 
injecting  premixed  fuel  /  air  charge  from  a  small  prechamber 
volume  into  the  main  combustion  chamber  just  before  spark 
timing  by  means  of  an  externally  actuated  valve.  For  the 
present  study  the  engine  was  run  at  1 000  rpm  and  1.1  bar  mean 
effective  pressure  without  inlet  throttling,  spark  ignition  was  at 
1 6  degrees  crank-angle  before  TDC. 

The  calculations  started  at  inlet  valve  closure  with  zero  mean 
velocity  and  were  continued  until  quenching  of  the  heat 
releasing  reactions.  A  computational  time-step  equivalent  to 
1/10  degree  crank-angle  was  used  throughout  the  calculations. 
For  the  engine  configuration  studied  the  computational  grid 
during  mixture  formation  and  combustion  comprised  of 
approximately  70.000  cells.  The  total  number  of  Monte  Carlo 
particles  taken  for  representation  of  the  pdf  distribution  during 
combustion  was  chosen  to  be  7.0  million. 

RESULTS 

Fig.  1  depicts  the  calculated  results  of  the  SI  engine 
combustion  process  together  with  the  corresponding 
experimental  data  in  two  perpendicular  cross-sections.  The 
sequence  of  pictures  shows  how  the  flame  starts  at  the  ignition 
location,  grows  into  all  directions  until  it  reaches  the  piston 


surface  and  then  further  propagates  radially  outward.  The 
experiments  show  the  probability  distribution  of  the  flame  size, 
obtained  by  averaging  of  single  shots;  the  calculated  results 
also  represent  an  averaged  combustion  process.  It  is  evident 
that  the  early  flame  kernel  growth  process  which  is  mainly 
determined  by  chemical  kinetic  effects  as  well  as  the 
increasing  influence  of  turbulence,  finally  leading  to  a  fully 
developed  turbulent  flame  are  well  captured  by  the  probability 
method  adopted. 

Besides  a  qualitative  assessment  of  the  combustion  process, 
the  quantification  of  the  impact  of  engine  speed,  load  and 
mixture  composition  with  respect  to  clearly  defined 
characteristic  parameters  is  of  major  interest.  The  local  flame 
front  velocity  represents  a  possible  assessment  quantity  that 
can  also  be  obtained  from  measurements.  In  SI  engines  the 
flame  front  velocity  is  determined  by  both  the  flame  speed  and 
the  volumetric  expansion  of  the  hot  combustion  products 
behind  the  flame  front. 

Due  to  the  density  change  of  the  charge  as  it  undergoes 
combustion,  the  flame  acts  as  a  volumetric  source,  an  effect 
that  is  intimately  coupled  with  the  local  rate  of  heat  release. 
The  volumetric  expansion  of  the  hot  combustion  products 
behind  the  reaction  zone  and  hence  the  local  rate  of  heat 
release  can  be  made  visible  by  tracing  the  temporal  evolution 
of  the  flow  velocity  at  a  fixed  monitoring  point  under  the 
influence  of  the  approaching  flame  front.  Fig.  2  shows  such  a 
velocity  variation  at  a  monitoring  location  on  the  axis  of  the 
disc-shaped  combustion  chamber,  5  mm  below  the  cylinder 
head.  The  velocity  course  clearly  shows  the  flow  acceleration 
due  to  the  approaching  flame  front  and  the  subsequent 
deceleration  and  flow  reversal  after  the  flame  has  passed  the 
monitoring  point. 

The  flame  speed  together  with  the  volumetric  expansion 
velocity  determine  the  overall  flame  propagation  velocity.  Both 
are  linked  to  the  thermodynamic  quantities  temperature  and 
pressure,  the  mixture  composition  and  to  the  intensity  of  the 
local  turbulent  velocity  and  scalar  fluctuations. 

The  calculated  dependence  of  the  flame  front  velocity  on 
engine  speed,  load  and  air  excess  ratio  are  shown  in  Fig.  3, 
together  with  the  measured  values.  The  results  show  that  the 
flame  front  velocity  scales  nearly  linearily  with  engine  speed 
and  hence  turbulence  intensity.  An  increase  in  volumetric 
efficiency  and  hence  the  pressure  and  temperature  level  also 
results  in  an  increase  of  the  flame  front  velocity.  For  a 
variation  of  the  air  excess  ratio  a  maximum  in  the  flame 
propagation  velocity  can  be  observed  near  1=1.  For  all 
conditions  under  investigation  the  calculated  results  are  well  in 
between  the  range  of  the  experimental  data. 

In  the  context  of  SI  engine  development,  the  ability  of  a 
combustion  model  to  reflect  the  impact  of  fuel  to  air 
equivalence  ratio  and  residual  gas  mass  fraction  on  the  overall 
engine  performance  is  of  vital  interest,  specifically  in  the 
context  of  SI  engines  adopting  internal  mixture  formation 
technology.  Fig.  4  shows  calculated  global  heat  release  curves 
for  variations  in  fuel  to  air  equivalence  ratio  and  different 
residual  gas  mass  fractions,  together  with  the  corresponding 
global  values  derived  from  in-cylinder  pressure  measurements. 

It  is  evident  that  for  an  equivalence  ratio  of  0.8  a  self 
sustaining  flame  front  could  not  be  established.  It  is,  however, 
clear  to  the  authors  that  prediction  of  the  detailed  mechanisms 
of  flame  quenching  would  require  adoption  of  multi-step 
chemical  kinetics. 

The  space  and  time  resolved  mixture  preparation  behaviour 
for  the  DMI  engine  configuration  is  shown  in  Fig.  5  for  a  cut 
across  the  symmetry  plane.  The  depicted  iso-levels  represent 
the  local  fuel  to  air  equivalence  ratio  distribution.  Bright  areas 
indicate  fuel  rich  regions,  whereas  dark  regions  characterise 
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low  fuel  concentration.  The  propagation  behaviour  of  the  fuel 
vapour  cloud  is  determined  by  the  interaction  of  the  in-cylinder 
flow  field  generated  during  the  compression  stroke  and  the 
flow  pattern  induced  by  the  outflow  of  fuel  vapour  from  the 
prechamber  which  is  located  at  the  upper  left  hand  side  of  the 
combustion  chamber.  The  velocity  field  generated  by  the 
prechamber  flow  leads  to  a  strong  convective  motion  of  the  fuel 
vapour  cloud  away  from  the  prechamber  region  towards  the 
spark  plug. 

Fig.  6  shows  the  temporal  evolution  of  the  mixture  fraction  at 
spark  location.  The  first  non-zero  fuel  concentration  appears 
approximately  20  degrees  crank-angle  before  TDC.  With  the 
ongoing  mixture  preparation  process  the  local  fuel 
concentration  increases,  attains  its  maximum  and  decreases  as 
the  fuel  vapour  cloud  passes  by.  it  is  interesting  to  note,  that 
the  fuel  concentration  exhibits  remarkable  fluctuations,  a  fact 
that  is  of  quite  significant  importance  with  respect  to  the 
ignition  behaviour  of  SI  engines  with  internal  mixture 
formation  technology. 

The  evolution  of  the  temperature  field  is  shown  in  Fig.  7  for 
three  different  instants  in  time,  here  expressed  in  terms  of 
degrees  crank-angle.  Starting  from  the  location  of  the  spark  the 
region  of  high  temperature  grows  preferentially  in  areas  with 
local  fuel  concentration  near  stoichiometric.  It  can  be  clearly 
seen  that  the  temperature  iso-levels  nearly  coincide  in  shape 
with  the  fuel  concentration  iso-levels.  No  considerable  rise  in 
temperature  and  hence  fuel  consumption  can  be  observed  in 
the  fuel  lean  areas  identified  in  Fig.  5,  indicating  a 
considerable  amount  of  fuel  to  be  left  unbumt. 

SUMMARY  AND  CONCLUSIONS 

A  multi-scalar  probability  density  function  method  for 
turbulent  reacting  flows  has  been  implemented  into  the 
commercial  CFD  code  FIRE  in  order  to  enable  three- 
dimensional  homogeneous  and  inhomogeneous-charge  SI 
engine  combustion  simulation. 

Model  verification  was  achieved  by  comparison  of  the 
calculated  results  with  the  corresponding  experimental  data 
obtained  in  a  single-cylinder  research  engine.  The  results 
clearly  show  the  ability  of  the  present  method  to  reflect  the 
characteristic  features  of  premixed  SI  engine  combustion  and 
to  capture  the  influence  of  engine  operation  and  mixture 
composition  on  flame  front  velocity  and  heat  release.  Good 
agreement  between  the  numerical  and  experimental  results  was 
obtained  for  the  operating  conditions  considered. 

The  study  further  demonstrates  the  applicability  of  the 
present  method  to  stratified-charge  SI  engine  combustion 
where  finite-rate  chemistry  effects  play  an  important  role  in  the 
overall  combustion  performance. 
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ABSTRACT 

This  paper  describes  recent  progress  in  the  analysis  of  the 
nature  of  turbulent  premixed  flames  stabilised  behind  an 
axisymmetric  baffle,  which  are  of  fundamental  interest  in  the 
development  of  new  and  cleaner  combustion  systems.  The  work 
includes  the  use  of  laser-based  diagnostics  for  velocity  and 
temperature  measurements,  which  are  extended  to  the  analysis 
of  turbulence  statistics,  including  the  energy  spectrum  and 
typical  length  scales  in  a  reacting  shear  layer.  The  results 
provided  experimental  evidence  of  the  extension  of  the  flamelet 
regime  beyond  the  Klimov- Wiliams  criterion.  Arguments  based 
on  the  shape  of  the  weighted  joint  probability  distributions  of 
axial  velocity  and  temperature  fluctuations  show  that  the 
counter-gradient  nature  of  heat  flux  is  derived  from  large 
departures  from  the  local  mean  values. 

INTRODUCTION 

In  previous  papers  we  have  discussed  the  occurrence  of  non¬ 
gradient  scalar  fluxes  in  turbulent  recirculating  premixed  flames 
stabilised  downstream  of  baffles,  which  appear  to  be 
particularly  influenced  by  the  magnitude  of  the  mean  pressure 
gradients  associated  with  the  streamline  curvature  and  are 
associated  with  the  acceleration  of  gases  across  the  flame  front, 
Heitor  et  al.  (1987),  Ferrao  and  Heitor  (1995),  Duarte  et  al. 
(1996).  Most  of  the  analysis  which  has  been  presented  in 
flames  with  practical  interest  (eg.  Takagi  et  al.,  1984,  Takagi 
and  Okamoto,  1987,  Fernandes  et  al.  1996)  may  be  considered 
to  represent  reacting  regimes  statistically  equivalent  to 
distributed  reaction  zones  and/or  well-stirred  flames,  but  the 
extent  to  which  the  time-resolved  nature  of  the  flames  affect 
their  propagation  remains  to  be  understood.  Also,  the 
experimental  evidence  of  the  transition  between  the  various 
combustion  regimes  remains  to  be  shown,  for  flames  of 
practical  relevance. 

As  noted  by  Poinsot  et  al.  (1996),  the  time-averaged  integral 
scales  are  unable  to  represent  the  multiscale  nature  of  the 
interaction  process  between  the  combustion  process  and  the 
turbulent  flow  field.  In  fact,  the  turbulent  flow  features  a 
complex  combination  of  vortices  with  scales  ranging  from  the 
integral  scale  to  the  Kolmogorov  scale.  Each  of  these  may  be 


characterised  by  a  length  scale  and  a  velocity  fluctuation.  To 
described  turbulence/combustion  interactions,  one  has  to  take 
into  account  the  existence  of  these  various  scales  in  the  flow 
and,  accordingly,  build  a  spectral  diagram  for  each  point  of  the 
integral  combustion  diagram.  The  experimental  validation  of 
the  combustion  regimes  and  the  related  difference  on  the  flame 
structure  requires  in-flame  measurement  of  length  scales  and 
the  associated  turbulent  intensities,  which  is  the  main 
motivation  of  the  present  paper.  The  work  includes  the  analysis 
of  counter  gradient  diffusion  of  turbulent  heat  flux,  as  reported 
by  Ferrao  and  Heitor  (1995),  and  correlates  its  concurrence  in 
practical  flames  with  the  shape  of  weighted  joint  probability 
density  functions  of  axial  velocity  and  temperature  fluctuations, 
as  described  by  Hardalupas  et  al.  (1996).  The  ultimate 
objective  is  to  provide  new  insight  into  the  nature  of  turbulent 
premixed  flames  and  to  provide  new  data  for  model 
development.  The  practical  implication  in  the  context  of 
combustion  devices  is  that  the  retardation  of  mixing,  which  is 
associated  with  the  occurrence  of  counter-gradient  heat  flux, 
may  be  technically  desirable. 

It  is  important  to  make  clear  that  in  our  previous  works  the 
occurrence  of  counter-gradient  heat  flux  has  been  identified 
from  the  analysis  of  the  terms  in  the  conservation  equations  of 
the  scalar  fluxes,  which  clearly  identify  the  reacting  shear  layer 
as  the  zone  where  the  interaction  between  the  mean  pressure 
gradients  and  density  fluctuations  are  important  (e.g.,  Ferrao 
and  Heitor,  1995). 

The  main  purposes  of  this  paper  is  to  show  that  even  in  the 
regions  of  the  reacting  shear  layer  where  there  is  no  evidence  of 
counter-gradient  diffusion,  the  underlying  driving  mechanism 
remains  important  and,  therefore,  the  so-called  second  moment 
closures  must  be  used  to  calculate  the  flame.  To  achieve  this 
objective,  the  method  of  analysis  is  that  previously  used  by 
Cheng  and  Ng  (1985)  and,  more  recently,  by  Hardalupas  et  al. 
(1996)  making  use  of  quadrant  analysis. 

The  next  section  describes  the  experimental  method  and  give 
details  of  the  extend  to  which  the  laser  Rayleigh  scattering  can 
be  used  in  the  presented  propane-air  flames.  The  third  section 
presents  and  discusses  sample  results  ,  and  the  last  section 
provides  the  main  conclusions  of  the  work. 
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THE  EXPERIMENTAL  METHOD  AND  ACCURACY 


has  been  discussed  by  Caldas  et  al.  (1997)  and  is  not  reported 
here. 


The  Flames  Studied 

The  experiments  reported  in  this  paper  were  conducted  in 
unconfined  non-swirling  premixed  flames  of  air  and  propane, 
stabilised  on  a  disk  with  D=56  mm  in  diameter,  which  is 
located  at  the  exit  section  of  a  contraction  with  80mm  in 
diameter. 

The  annular  bulk  velocity  is  in  the  range  10  <Uo(m/s)  <42, 
resulting  in  a  Reynolds  number,  based  on  a  disk  diameter,  up  to 
1.5xl05.  The  equivalence  ratio  was  varied  between  0.53  and  1, 
although  most  of  the  results  characterised  in  this  paper 
correspond  to  lean  flames,  with  4>  =  0.55.  Table  1  characterises 
the  three  mean  experimental  conditions  used  throughout  the 
work,  which  are  identified  as  flame  A  ,  B  and  C. 


Table  1  -  Characterisation  of  experimental  conditions. 


Flame 

Uo  (m/s) 

Re 

sL 

(cm/s) 

If 

(mm) 

A 

10 

35  700 

0.64 

12 

0.6 

B 

20 

71  400 

0.64 

12 

0.6 

C 

42 

150  000 

0.64 

12 

0.6 

The  Experimental  Technique 

The  instrumentation  used  throughout  this  work  consists  on  a 
combined  LDV/LRS  system,  which  was  based  on  a  single  laser 
light  source  (5W  argon-ion  laser).  The  system  has  derived  from 
that  described  by  Duarte  et  al.  (1995)  and  Almeida  et  al.  (1996), 
as  the  main  data  acquisition  system  includes  a  16  bits 
analogue/digital  converter,  in  place  of  the  12  bits  data 
acquisition  board  previously  used. 

The  velocimeter  was  based  on  the  green  light  (514.5nm)  of  the 
laser  and  was  operated  in  the  dual-beam,  forward-scatter  mode 
with  sensitivity  to  the  flow  direction  provided  by  a  rotating 
diffraction  grating.  The  calculated  dimensions  of  the  measuring 

volume  at  the  e"^  intensity  locations  were  606pm  in  length  and 
44pm  in  diameter. 

The  Rayleigh  scattering  system  was  operated  from  the  blue  line 
of  the  same  laser  source,  which  was  made  to  pass  through  a  5: 1 
beam  expander.  The  light  converged  in  a  beam  waist  of  50pm 
diameter  was  collected  at  90°  from  the  laser  beam  direction  with 
a  magnification  of  1 ,  and  passed  through  a  slit  of  1  mm  length. 
The  collected  light  was  filtered  by  a  lnm  bandwidth  interface 
filter  and  a  polariser,  in  order  to  optimise  the  signal-to-noise 
ratio. 

The  signal  was  amplified  and  low  pass  filtered  at  lOKHz  before 
digitalisation.  The  temporal  resolution  of  the  system  depends 
on  the  integration  time  associated  with  this  filter,  which  is 
quantified  to  be  50ps.  This  value,  associated  with  the  typical 
flow  velocities,  give  rise  to  path  lengths  of  about  1mm  and, 
therefore,  smaller  than  the  integral  length  scales  in  the  reaction 
shear  layer.  The  resolution  of  the  system  was  confirmed  by  the 
measured  temperature  distributions,  which  include 
instantaneous  values  close  to  either  adiabatic  or  room 
temperature,  confirming  that  the  system  is  capable  of  resolving 
the  temperature  fluctuations  associated  with  the  premixed 
flames  analysed  in  this  work. 

The  details  associated  with  the  accuracy  of  the  experimental 
method  used,  and  in  particular  of  the  laser  Rayleigh  scattering, 


RESULTS  AND  DISCUSSION 

The  most  salient  features  of  the  mean  flow  characteristics  of  the 
flames  studied  through  this  work  can  be  inferred  from  the 
measured  velocity  vectors  and  isocontours  of  mean  temperature 
represented  in  figure  1  for  flame  C.  The  results  are  similar  to 
those  found  in  other  baffle-stabilised  recirculating  flames,  in 
that  they  exhibit  a  recirculation  region  extending  up  to 
Lr  =  125mm,  where  the  fluid  has  a  large  and  fairly  uniform 
mean  temperature,  surrounded  by  an  annular  region  of  highly 
sheared  fluid  where  gradients  of  mean  temperature  are  large. 
The  length  of  the  recirculation  zone  decreases  whn  the 
Reynolds  number  is  decreased,  with  the  rear  stagnation  point 
located  at  LR/D=1.8  for  Re=0.7X105  (Flame  B). 

r/D 


vectors  field 


FIG.  1.  DISTRIBUTION  OF  MEAN  VELOCITY  VECTORS 
AND  ISOTHERMS  ALONG  A  VERTICAL  PLANE  OF 
SYMMETRY  FOR  FLAME  C. 


FIG.  2  -  INSTANTANEOUS  FLAME  (B)  VISUALISATION 
DURING  A  9  NS  ND-YAG  LASER  PULSE. 
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The  isotherms  are  highly  curved  for  the  three  conditions  studied 
and  reveal  non-planar  flames  oblique  to  the  oncoming  reactants. 
For  these  conditions,  the  analysis  of  the  photography  of  figure  2 
shows  that  reaction  occurs  along  a  thin  shear  layer  located 
between  the  locus  of  maximum  axial  velocity  and  the  locus  of 
the  mean  separation  streamline,  which  is  curved  along  its 
length.  This  curvature  varies  with  the  Reynolds  number 
considered  and  imposes  mean  velocity  effects  on  the  turbulence 
field  in  a  way  which  depends  on  the  level  of  interaction 
between  the  gradients  of  mean  pressure  typical  of  the  present 
flames  and  the  associated  density  fluctuations. 

Analysis  has  shown  that  along  the  reacting  shear  layer 
turbulence  is  mainly  generated  by  the  interaction  between  shear 
strain  and  shear  stress,  giving  rise  to  a  strongly  anisotropic 
turbulent  field  with  comparatively  large  axial  velocity 
fluctuations.  As  the  stagnation  region  is  approached,  the  cross¬ 
stream  turbulent  components  increase  as  a  result  of  the 
increased  importance  of  the  interaction  between  normal  strains 
and  normal  stresses  in  the  conservation  of  turbulent  kinetic 
energy  as  in  other  recirculating  flows  with  free  stagnation 
points. 


The  detailed  velocity  and  scalar  characteristics  obtained  along 
the  present  flames  are  presented  elsewhere.  Here,  attention  is 
focused  on  the  zone  which  characterises  the  maximum  width  of 
the  recirculation  zone  of  the  flames  considered  and  Figure  3a) 
shows  the  related  radial  profiles  of  mean  temperature,  while 
Figure  3b)  shows  the  temporal  distributions  of  Eulerian  time 
correlations  for  three  distinct  points  across  the  reacting  shear 
layer.  Together  with  the  power  spectra  of  the  temperature 
velocity  fluctuations  of  figure  3c),  the  results  are  typical  of 
well-behaved  turbulent  shear  flows  and  suggest  that  the  integral 
time  scale,  as  defined  by  Hinze  (1975),  is  as  large  as  1ms.  This 
scale  is  a  measure  of  the  average  time  life  of  the  large  eddies 
that  are  mainly  responsible  for  turbulent  transport  and  the 
results  confirm  the  suitability  of  the  measurement  technique 
described  before  to  address  the  nature  of  turbulent  heat  flux  in 
the  present  flames.  Figure  4  compares  the  results  with  those 
obtained  for  lower  Reynolds  numbers,  which  agrees  with  the 
observation  that  the  main  frequency  of  interest  in  the  energy 
spectra  increases  with  the  Reynolds  number,  namely  between 
3KHz  for  Flame  A  and  4KHz  for  Flame  C. 
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Fig.  3.  Analysis  of  the  reacting  shear  layer  of  flame  A: 

a)  Mean  temperature  profile  at  x/D  =  1 .0. 

b)  Eulerian  time  correlations  across  the  reacting 

SHEAR  LAYER  (FOR  THE  POINT  MARKED  IN  A)). 

c)  Power  spectra  of  velocity  and  temperature  for 
X/D  =  1 .0  AND  R/D  =  0.68  (POINT  A3  IN  A)). 


FIG.  4.  ANALYSIS  OF  THE  FLAME  CHARACTERISTICS 
AS  A  FUNCTION  OF  THE  REYNOLDS  NUMBER,  FOR 
X/Lr  =  0.5: 

A)  EULERIAN  TIME  CORRELATIONS:  FLAME  A  AT 
R/D  =  0.63;  FLAME  B  AT  R/D  =  0.61;  FLAME  C  AT 
R/D  =  0.64 

B)  POWER  SPECTRA  FOR  THE  SAME  LOCATIONS 
AS  IN  A). 


Although  the  radial  distributions  of  time-averaged  temperature 
for  the  three  conditions  studied  here  are  qualitatively  similar, 
the  analysis  above  suggests  that  the  temporal  structure  of  the 
flames  is  different  and  the  related  experimental  evidence  is 
provided  by  the  probability-density  functions  of  temperature  of 
Figure  5.  While  Flame  A  is  characterised  by  near  bimodal 
temperature  distributions  across  the  reacting  shear  layer  with 
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FIG.  5.  RADIAL  DISTRIBUTION  OF  THE  PROBABILITY  DENSITY  FUNCTION  OF  TEMPERATURE  FLUCTUATIONS, 
ACROSS  THE  REACTING  SHEAR  LAYER 


significant  probability  for  intermediate  products,  the 
distributions  obtained  for  Flame  C  exhibit  typically  the  near- 
Gaussian  form  characteristic  of  the  distributed  reaction 
combustion  regime.  It  is  clear  that  the  absolute  values  of  the 
probability  distributions  are  influenced  by  the  shot  noise 
characteristics  of  the  photomultiplier  used  for  the  Rayleigh 
scattering  measurements,  but  the  qualitative  trends  shown  in 
Figure  5  are  not  affected  by  experimental  accuracy.  The 
burning  conditions  associated  with  Flame  A  are  characteristic 
of  a  regime  where  the  flame  fronts  become  thick  and  bigger 
than  the  Kolmogorov  length  scale.  Following  Poinsot  et  al 
(1991)  the  construction  of  the  turbulent  combustion  diagram  is 
straightforward,  as  in  figure  6. 


u'/Sl 


FIG.  6  -  DIAGRAM  FOR  TURBULENT  PREMIXED 
COMBUSTION  (POINTS  AS  DEFINED  IN  THE  TEXT). 

The  position  in  the  reacting  shear  layer  of  flame  A  where  a 
bimodal  temperature  distribution  was  identified  (i.e.,  x/D  =  1.0, 
r/D  =  0.64;  #1  in  figure  6)  is  characterised  by  turbulent  scales 
which  act  on  the  flame  front  in  two  different  ways.  First,  eddies 


whose  sizes  are  between  the  Kolmogorov  scale  and  a  “cut-off’ 
scale  will  be  inefficient  and  will  not  affect  the  flame  front. 
Second,  vortices  larger  than  the  “cut-off’  scale  will  be  able  to 
affect  the  flame  front,  to  wrinkle  it  or  to  form  pockets  but  be 
unable  to  induce  local  quenching.  Point  #1  corresponds 
therefore  to  the  extended  flamelet  regime  of  Poinsot  et  al 
(1991). 

The  other  locations  identified  in  figure  6  (namely,  #2  for  flame 
B  at  x/D  =  0.71  and  r/D  =  0.61;  and  #3  for  flame  C  at  x/D  = 
1 .27  and  r/D  =  0.68)  are  associated  with  scales  that  are  capable 
of  locally  quenching  the  flame  front.  These  scales  are  larger  and 
faster  than  the  Kolmogorov  scale  and  correspond  to  the 
distributed  reaction  regime  of  turbulent  combustion.  It  should 
be  noted  that  the  near-Gaussian  distributions  of  Figure  5 
associated  with  flame  locations  #2  and  #3  exhibit  values 
between  ambient  (C=0)  and  adiabatic  (C=l)  temperatures  and, 
therefore,  are  not  expected  to  be  influenced  by  lack  of  temporal 
resolutions  of  the  Rayleigh  system. 

Figure  7  shows  measured  values  of  turbulent  axial  heat  fluxes, 
which  are  restricted  to  the  thin  zone  along  the  shear  layer  where 
the  radial  gradients  of  mean  temperature  are  large.  These 
quantities  represent  the  exchange  rate  of  reactants  responsible 
for  the  phenomena  of  flame  stabilisation  and  previous  results 
have  shown  that  the  turbulent  heat  transfer  is  essentially 
directed  along  the  isotherms,  rather  than  normal  to  them,  as 
would  be  expected  from  gradient-transport  models  of  he  kind 
used  in  non-reacting  flows.  It  should  be  noted  that  the  radial 
fluxes  are  always  positive,  as  expected  in  a  recirculating  flame. 
The  flame  is  then  established  by  the  heat  transfer  between  the 
hot  products  and  the  cold  reactants  with  the  sign  of  the  radial 
heat  flux  in  qualitative  agreement  with  gradient-transport 
models.  Similar  behaviour  has  been  observed  in  other 
turbulent  premixed  flames  (Heitor  et  al.,  1987)  and  has  also 
been  predicted  analytically  (Bray  et  al.,  1985),  and  is  expected 
to  be  due  to  the  interaction  between  the  gradients  of  mean 


18-16 


r/D 


I  — -c  -»-c‘2/c  — u‘c'  1 


|— -c  u'c1 

FIG.  7.  RADIAL  PROFILE  OF  TEMPERATURE  AND 

TURBULENT  HEAT  FLUX  CHARACTERISTICS: 

A)  FOR  FLAME  A  AT  X/D  =  1.0. 

B)  FOR  FLAME  B,  AT  X/D  =  0.71 . 

pressure  typical  of  the  present  flow  and  the  large  density 
fluctuations  that  occur  in  the  flames. 

The  analysis  above  explains  the  process  of  "counter-gradient" 
heat  transport  in  terms  of  the  preferential  deceleration  of  the 
products  of  combustion,  relatively  to  the  cold  reactants  (see 
Caldas  et  al.,  1997  for  further  details).  This  can  be  easily 
observed  through  the  joint  probability  distribution  of  velocity 
and  temperature  fluctuations  and  here  the  analysis  follows  the 
methodology  of  Cheng  and  Ng  (1985)  and  Hardalupas  et  al. 
(1990),  making  use  of  weighted  probability  distributions.  The 
corresponding  plots  should  be  analysed  based  on  the  relative 
importance  of  the  entries  in  the  four  quadrants  of  figure  8,  with 
gradients  1  and  3  dominating  the  case  of  gradient  diffusion. 
The  entries  in  quadrants  2  and  4  arise  when  velocity 
fluctuations,  which  are  respectively  smaller  and  larger  than  the 
local  mean,  are  associated  with  values  of  temperature 
fluctuations  which  are  greater  and  smaller,  respectively,  than 
the  mean  value.  Typical  examples  are  shown  in  figure  9  to  11, 
which  clearly  show  that  even  when  the  entries  in  the  "counter- 
gradient"  quadrants  are  smaller  and,  consequently,  the  time- 
averaged  heat  flux  may  be  qualitatively  represented  by  gradient 
diffusion,  the  absolute  value  of  the  heat  flux  is  influenced  by 
the  source  terms  which  drive  counter  diffusion.  A  similar 
observation  has  been  made  by  Hardalupas  et  al.  (1996)  for  non- 
premixed  flames  and  confirms  that  it  is  unreasonable  to  expect 
that  calculations  based  on  effective  viscosity  hypothesis  are 
accurate  to  represent  recirculating  flames.  The  present  results 
bring  new  experimental  evidence  of  the  magnitude  of 
turbulence/combustion  interactions  in  strongly  sheared 
premixed  flames  and  permits  insight  into  the  scale  of  the 
fluctuations  of  temperature  and  velocity,  which  gives  rise  to 
counter-gradient  diffusion  of  heat. 


CONCLUSIONS 

Simultaneous  measurements  of  time-resolved  velocity  and 
temperature  have  been  obtained  by  laser-Doppler  velocimetry 
and  laser-Raylegh  scattering  in  the  near  wake  of  premixed 
recirculating  flames  of  propane  and  air.  The  experiments 
encompass  three  flow  conditions  associated  with  different 
combustion  regimes  and  Reynolds  numbers.  The  results  bring 
new  insight  into  the  fluctuations  that  occur  in  these  flames, 
which  are  expressed  in  terms  of  the  shape  of  the  weighted  joint 
probability  distributions  of  axial  velocity  and  temperature 
fluctuations.  These  observations  are  related  to  the  streamline 
curvature  and  are  shown  to  occur  even  for  a  flame  structure 
characterised  by  near-Gaussian  probability  distributions  of  the 
temperature  fluctuations.  In  addition,  the  characterisation  of  the 
local  length  scales  and  turbulence  intensities  provide 
experimental  evidence  of  the  extension  of  the  flamelet  regime 
beyond  the  Klimov-Wiliams  criterion. 
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8.  PHYSICAL  SIGNIFICANCE  OF  THE  NATURE  OF 
THE  TURBULENT  HEAT  FLUXES,  AS  DERIVED 
FROM  THE  JOINT  VELOCITY  TEMPERATURE 
CORRELATIONS. 


FIG.  9.  ANALYSIS  OF  JOINT  VELOCITY  AND  TEMPERATURE  FLUCTUATIONS  FOR  FLAME  A  AT  X/D  =  1.0  AND 
R/D  =  0.64. 
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INTRODUCTION 

The  diffusion  and  mixing  phenomena  of  matter  accom¬ 
panying  the  chemical  reaction  are  practically  important 
in  connection  with  many  engineering  and  environmental 
problems.  The  present  study  focuses  the  spotlight  of  at¬ 
tention  on  the  chemical  reaction  in  the  liquid  since  the  high 
Schmidt  number  matter  is  more  available  in  liquid  than  in 
the  gaseous  phase  and  the  turbulence  plays  more  important 
role  on  the  mixing  process  of  such  high  Schmidt  number 
matter. 

Several  important  studies  have  been  made  in  the  past 
on  the  chemical  reactions  in  the  turbulent  liquid  flow;  for 
example,  mixing  and  chemical  reactions  in  the  plane  tur¬ 
bulent  mixing  layer  by  Breidenthal(1981)  and  Koochesfa- 
hani  and  Dimotakis(1986),  the  competing  reaction  in  grid- 
turbulence  by  Mehta  and  Tarbell(1987),  the  second-order 
reaction  in  grid- turbulence  by  Bennani  et  al.(  1985),  the 
shear-free  mixing  layer  in  grid-turbulence  with  a  second- 
order  reactions  by  Komori  et  al.(1994).  However,  there  are 
still  very  few  reports  on  the  simultaneous  measurements  of 
the  concentrations  of  reactants  or  products  in  the  turbulent 
shear  flows;  except  for  the  following  only  two  reports,  i.e. 
the  mixing  layer  between  two  different  velocity  streams  in 
grid-turbulence  by  Komori  et  al.(1994)  and  the  competing 
reaction  in  a  turbulent  jet  by  Sakai  et  al.(1995).  For  the 
future  development  of  the  practical  computational  model 
useful  to  the  turbulent  reactive  flows,  the  systematic  ex¬ 
perimental  studies  in  the  various  shear  flows  are  keenly 
expected. 

The  purpose  of  this  study  is  to  clarify  the  relation  be¬ 
tween  the  turbulent  mixing  and  the  chemical  reaction  in 
the  axisymmetric  turbulent  jet.  The  chemical  reaction 
treated  in  this  study  is  the  following  parallel-consecutive 
and  competing  reaction(see  Bourne  et  a 1.,  1985), 

A  +  B  — *■  R,  (1) 

R+B— >  S,  (2) 

where  A,  B,  R  and  S  sue  1-naphthol,  diazotised  sulphanilic 
acid,  monoazo  dye  (red)  and  bisazo  dye  (purple),  respec¬ 
tively.  The  aqueous  solution  of  species  B  is  issued  from  the 


nozzle  into  the  main  stream  including  species  A,  and  the 
simultaneous  measurements  of  concentration  of  species  R 
and  S  were  performed  by  the  novel  light  absorption  spec- 
trometric  method(see  Sakai  et  a L,  1990).  The  main  stream 
is  the  flow  of  alkaline-buffered  aqueous  solution  of  Na2CC>3 
and  NaHCC>3  (pH=10,  each  concentration  is  10  mol/m3), 
where  the  chemical  reaction  proceeds. 

The  similar  experiments  have  been  challenged  in  the  past 
by  Sakai  et  ai.(1995).  However  in  their  work,  the  initial 
concentration  ratio  of  species  B  to  species  A,  /3  =  rBo/rAo 
was  less  than  10,  so  that  the  produced  amount  of  species  S 
was  quite  small  and  there  still  remained  some  questions  on 
the  reliability  of  its  concentration  statistics.  In  the  present 
work,  to  overcome  the  above  problem,  we  chose  the  larger 
values  of  /3(=10,  20,  40)  and  also  tried  to  use  the  improved 
light  prove  with  the  larger  diameter  of  glass  fiber  to  obtain 
the  more  reliable  data  of  concentration  statistics  of  species 
S.  In  this  paper,  new  data  on  the  concentration  fluctuation 
field  of  species  R  and  S  will  be  given. 

CHEMICAL  REACTION 

The  first  reaction  (1)  is  a  rapid  reaction;  the  reaction  rate 
coefficient  ki  is  estimated  to  be  12000  m3/(mol  •  sec).  The 
second  reaction  rate  has  a  temperature  dependency;  its  co¬ 
efficient  k2  =  1.148  m3/(mol  •  sec)  at  13  X,  (see  Bourne  et 
al.,  1985,  in  detail).  Such  a  big  difference  between  the  reac¬ 
tion  rate  coefficient  of  reaction  (1)  and  (2)  is  a  distinctive 
feature  of  consecutive,  competing  reaction  treated  in  this 
study. 

EXPERIMENTAL  EQUIPMENT 

Figure  1  shows  the  chemical  reactor  and  coordinate  sys¬ 
tem.  The  main  stream  around  the  nozzle  has  a  small 
mean  velocity  0.4  cm/sec  to  discharge  the  chemical  prod¬ 
ucts.  The  diameter  of  jet  nozzle  d  is  2  mm  and  the  issuing 
mean  velocity  at  the  nozzle  exit  Un  =  1.6  m/sec.  So  the 
Reynolds  number  of  the  jet  Rej  is  about  2600.  A  cylindri¬ 
cal  coordinate  system  is  used  to  present  the  experimental 
data  with  the  nozzle  exit  as  the  origin.  The  axial  and  radial 
coordinate  are  denoted  by  x  and  r,  respectively. 
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Figure  1:  Chemical  reactor  and  coordinate  system. 
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Figure  2:  Schematic  diagram  of  the  measuring  system. 


The  concentration  measuring  system  by  the  light  absorp¬ 
tion  spectrometric  method  has  been  developed  by  Sakai  et 
al.(1990).  This  system  makes  it  possible  to  take  the  simul¬ 
taneous  measurements  of  the  instantaneous  concentrations 
of  at  most  three  light  absorptive  species.  A  schematic  di¬ 
agram  of  the  concentration  measuring  system  is  shown  in 
figure  2.  The  light  emitted  from  the  halogen  lamp  is  in¬ 
troduced  into  a  sampling  part  through  the  light  guide  af¬ 
ter  being  collected  by  the  optical  condensing  system.  The 
light  modified  according  to  the  concentration  fluctuations 
of  multiple  species  passes  again  through  the  light  guide, 
and  then  divided  into  three  monochromatic  lights  (half¬ 
width  of  spectrum  band  of  three  lights  are  all  about  15 
run).  The  intensity  of  each  light  is  converted  to  a  voltage 
output  by  the  photomultiplier.  Finally,  the  output  is  dig¬ 
itally  processed  by  the  personal  computer  through  the  12 
bit  A/D  converter. 

Figure  3  shows  the  schematic  sketch  of  the  light  probe. 
The  diameter  of  fiber  bundle  is  0.5  mm,  the  sampling 
length  is  about  0.8  mm,  so  that  the  sampling  volume  is 
approximately  1.6  x  10~4  cc.  In  the  previous  experiments 
by  Sakai  et  al.(1995),  the  core  diameter  of  fiber  is  0.1  mm, 
the  sampling  length  is  about  0.7  mm,  so  that  the  sampling 
volume  is  about  4.4  x  10-6  cc.  Thus  the  present  sampling 
volume  is  36  times  as  large  as  the  previous  one.  However 
it  should  be  emphasized  that  the  ratio  of  noise  to  signal 
reduced  to  1/13.  It  seems  that  the  improvement  of  the  SN 
ratio  is  preferable  than  the  spatial  resolution  in  the  present 
experiment.  The  resolution  of  the  present  probe  is  consid¬ 
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Figure  3:  Schematic  sketch  of  the  light  probe. 


ered  to  be  0.8  mm,  which  is  between  Kolmogorov  scale  and 
Taylor’s  microscale  at  x/d  >  20.  That  is  5~20  times  as 
large  as  Kolmogorov  scale. 

EXPERIMENTAL  RESULTS 

Velocity  Field 

The  axial  (x-direction)  velocity  of  the  jet  was  measured 
by  a  cylinder  type  of  hot-film  probe  (KNOMAX  MODEL 
1210-60W;  the  diameter  and  length  of  the  sensing  part  are 
152  fim  and  2  mm,  respectively)  in  conjunction  with  a 
constant- temperature  velocity  anemometer  (HAYAKAWA, 
Model  HC-30).  Here,  the  details  are  not  described,  but  ra- 
dial  profiles  of  mean  velocity  U  indicate  a  self-preservation 
at  x/d  >  15,  which  is  almost  Gaussian.  The  half-width  of 
the  radial  profiles  of  mean  velocity  increases  linearly  over 
the  self-preserving  region.  The  radial  profiles  of  the  veloc¬ 
ity  fluctuation  r.m.s.  value  v!  show  the  self-preservation  at 
x/d  >  40.  That  profile  has  double  peaks  apart  from  the  jet 
axis.  From  the  above  results,  it  seems  that  the  present  jet 
has  standard  characteristics  of  the  axisymmetric  turbulent 
jet  although  the  Reynolds  number  is  relatively  small. 


Non- reactive  Concentration  Field 

Before  the  experiments  of  the  reactive  flow,  we  checked 
the  features  of  the  non-reactive  concentration  field.  As  the 
diffusion  matter,  a  direct  dye  “Rhoduline  Red  B”  was  used. 
This  dye  has  the  absorbance  spectrum  similar  to  the  one 
of  monoazo  dye  R. 

Figure  4  shows  the  radial  profiles  of  the  mean  concentrar 
tion  r,  where  r  on  the  ordinate  and  radial  distance  r  on 
the  abscissa  are  normalized  by  the  value  on  the  jet  axis  7c 
and  the  half- width  br,  respectively.  From  the  figure,  it  is 
found  that  the  mean  concentration  profiles  show  the  good 
self-preservation  in  the  region  x/d  >  12.5,  which  is  well 
approximated  by  the  Gaussian  profile  (solid  line  in  the  fig¬ 
ure).  We  have  investigated  also  the  downstream  variation 
of  7’c  and  br-  Although  the  figures  are  not  shown  here,  we 
found  that  in  the  self-preserving  region,  7c  and  br  can  be 
approximated  by 


%  -  °-247 

(f  +  0.606), 

(3) 

7  =  °-113( 

I +  1'42)' 

(4) 

where  7/v  is  the  concentration  at  the  nozzle  exit. 

Figure  5  shows  the  radial  profiles  of  the  concentration 
r.m.s.  value  y' .  In  the  figure,  y'  on  the  ordinate  is  nor¬ 
malized  by  the  value  on  the  jet  axis  7c-  From  the  figure, 
it  is  found  that  the  r.m.s.  profiles  show  the  good  self- 
preservation  and  have  double  peaks  similar  to  the  velocity 
fluctuation  r.m.s.  value  u  .  In  the  figure,  the  experimental 
profile  obtained  by  Sakai(1984)  is  also  given  by  the  solid 
line.  It  has  been  already  ascertained  that  the  Sakai’s  pro¬ 
file  coincides  with  other  data(for  example,  the  oil  smoke 
jet  by  Becker  et  al.( 1967),  the  methane  gas  jet  by  Birch  et 
al.(1978)).  From  the  figure,  we  can  observe  a  very  good 
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Figure  4:  Radial  profiles  of  the  mean  concentration.  Figure  5.  Radia|  profnes  of  the  concentration  f|uctuation 

r.m.s.  value.  For  symbols,  see  Figure  4. 


agreement  between  the  present  data  and  Sakai’s  profile. 
We  also  found  that  the  downstream  variation  of  j'c  can  be 
approximated  by 

^  =  0.820(1+  11.75).  (5) 

Furthermore,  it  was  ascertained  that  the  values  and  pro¬ 
files  of  the  skewness  and  kurtosis  factors  of  the  probability 
density  function  of  the  concentration  also  show  good  agree¬ 
ments  with  other  data  by  Becker  et  al.(1967)  and  Birch  et 
al.(1978).  Therefore,  we  concluded  that  the  concentration 
fluctuation  statistics  of  single  species  could  be  measured 
accurately  by  the  present  light  probe. 


Conserved  Scalar  Field 
To  check  an  accuracy  of  the  simultaneous  concentration 
measurement  in  this  study,  we  made  a  comparison  between 
the  results  of  non-reactive  concentration  field  given  in  the 
previous  section  and  ones  of  conserved  scalar  field  (for  ex¬ 
ample,  see  Bilger  et  a l,  1991,  in  detail).  For  this  purpose, 
we  dealt  with  only  the  second  reaction  (2)  here.  The  aque¬ 
ous  solution  of  species  R  was  issued  from  the  nozzle  into 
the  main  stream  including  species  B,  and  the  simultaneous 
measurements  of  concentration  of  species  R  and  S  were 
performed.  The  initial  concentration  of  species  B  in  the 
main  stream  rBo  is  0.3  mol/m3,  and  the  initial  concentra¬ 
tion  of  the  species  R  in  the  jet  /» 0  is  2.7  mol/m3.  In  this 
case,  the  conserved  scalar  F  is  defined  by 


£  Fr  +  7s 
F= 


(6) 


where  Fr  and  Fs  are  instantaneous  concentration  of 
species  R  and  S,  respectively,  and  F  is  also  called  mixture 
fraction. 

Here,  the  details  are  not  shown,  but  radial  profiles  of 
mean  value  and  r.m.s.  value  of  the  mixture  fraction,  F 
and  f  show  good  agreements  with  ones  in  the  non-reactive 
case.  Furthermore,  it  was  also  ascertained  that  the  down¬ 
stream  variations  of  F  and  /'  show  good  agreements  with 
ones  in  the  non-reacting  case.  From  these  results,  it  can 
be  concluded  that  the  simultaneous  measurement  of  con¬ 
centration  fluctuations  could  be  performed  accurately  by 
the  present  light  probe  and  measuring  system.  The  detail 


statistics  of  the  conserved  scalar  field  will  be  presented  in 
the  near  future. 

Reactive  Concentration  Field 

In  this  section,  we  will  show  the  results  concerning  the 
consecutive  and  competing  reaction.  The  initial  concen¬ 
tration  of  species  A  in  the  main  stream  is  fixed  to  Fao  = 
0.4mol/m3,  and  the  initial  concentration  of  species  B  in 
the  jet  was  adjusted  to  be  FB0  =  4,  8  and  16  mol/m3,  so 
that  in  the  present  experiment  three  different  initial  con¬ 
centration  ratios  of  two  species  /3  =  Fbo/Tao  =  10,  20  and 
40  are  chosen. 

Figure  6  shows  the  downstream  variations  of  the  mean 
concentration  FB,  Fs  of  species  R  and  S  along  the  jet  axis. 
The  mean  concentration  of  species  R  increases  in  the  neigh¬ 
borhood  of  the  jet  because  of  the  very  large  reaction  rate 
coefficient  of  the  first  reaction  (1).  After  this  region,  it 
reaches  the  peak  value,  then  decreases  in  the  downstream 
direction  by  the  effect  of  turbulent  diffusion.  The  pro¬ 
duction  of  species  S  becomes  predominant  at  x/d  >  20.  In 
particular,  the  production  of  species  S  in  the  case  of  0  =  40 
is  remarkable.  We  notice  further  that  the  mean  concentra¬ 
tion  of  species  R  in  the  case  of  /3  =  40  shows  the  smaller 
values  than  ones  in  other  cases.  This  is  because  the  species 
R  produced  by  the  first  reaction  (1)  was  consumed  by  the 
second  reaction  (2). 

The  radial  profiles  of  the  mean  concentration  of  species 
R  and  S  in  the  case  of  /?  =  20  is  shown  in  figure  7.  At 
x/d  =  12.5,  the  mean  concentrations  of  both  species  show 
the  peaks  apart  from  the  jet  axis.  This  is  because  this 
position  is  still  in  the  developing  region  of  the  jet,  so  that 
chemical  products  R  and  S  are  produced  effectively  in  the 
mixing  layer  off  the  jet  axis,  which  has  the  large  velocity 
fluctuation.  In  further  downstream  region,  both  Fr  and 
Fs  show  the  peaks  on  the  jet  axis. 

Figure  8  shows  the  downstream  variations  of  the  concen¬ 
tration  fluctuation  r.m.s.  value  7^,  75  of  species  R  and  S. 
The  r.m.s.  values  7 'R  of  species  R  increase  in  the  develop¬ 
ing  region  of  the  jet  ( x/d  <  10)  and  reach  the  peaks.  After 
that,  they  decrease  to  the  minimums  around  x/d  —  20, 
then  increase  again  in  the  downstream  direction  gradually. 
The  r.m.s.  value  75  of  species  S  increase  monotonously  in 
the  downstream  direction.  Since  the  r.m.s.  value  of  the 
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Figure  6:  Downstream  variations  of  the  mean  concentrations 
of  species  R  and  S  on  the  jet  axis. 


non-reactive  species  must  decrease  monotonously  in  the 
self-preserving  region  (at  x/d  >  12.5  in  the  present  experi¬ 
ments)  ,  the  above  increases  of  ■y'ri  and  7 5  can  be  attributed 
to  the  productions  of  species  by  chemical  reactions. 

Figure  9  shows  the  downstream  variations  of  the  probar 
bility  density  function  (p.d.f.)  Pr,  ps  of  the  concentration 
of  species  R  and  S  in  the  case  of  /3  =  20.  In  general,  it  can 
be  expected  that  the  effect  of  chemical  reaction  appears 
from  the  lower  concentration  to  the  higher  concentration. 
So  the  production  of  species  by  the  chemical  reaction  acts 
to  let  the  p.d.f.  skews  negatively  (the  negative  skewness 
means  the  p.d.f.  profile  with  the  long  tail  in  the  lower  con¬ 
centration  side).  On  the  other  hand,  if  the  chemical  pro¬ 
duction  is  small,  the  molecular  diffusion  enhanced  by  the 
turbulent  mixing  is  effectively  at  work  to  make  the  skesness 
of  the  p.d.f.  smaller.  Considering  the  above,  we  can  easily 
understand  the  downstream  progressions  of  chemical  pro¬ 
duction  and  the  turbulent  diffusion  of  species  R  and  S  from 
the  changes  of  these  p.d.f.s.  From  Fig.9(a),  it  is  found  that 
the  skewness  of  p.d.f.  Pr  of  species  R  is  always  negative  at 
x/d  >  20.  The  p.d.f.  ps  of  species  S  in  Fig.9(b)  has  also 
the  negative  skewness  at  x/d  <  60  like  the  p.d.f.  of  species 

R.  These  definitely  negative  skewnesses  indicate  that  the 
productions  of  species  R  and  S  are  proceeding  in  the  region 
shown  in  the  above.  However,  at  x/d  =  80  in  Fig.9(b),  the 
p.d.f.  looks  almost  Gaussian.  This  is  because  at  x/d  =  80 
the  diffusion  effect  is  superior  to  the  production  of  species 

S. 

Figure  10  shows  the  downstream  variations  of  the  sckew- 
ness  Sr,  Ss  of  species  R  and  S  on  the  jet  axis.  It  is  found 
that  the  variations  of  Sr  and  Ss  show  the  similar  tendency 
for  all  /?,  i.e.,  the  skewness  Sr  and  Ss  have  the  negative 
values  in  the  almost  whole  measurement  region  except  near 
the  nozzle  exit,  and  show  the  minimum,  maximum,  min¬ 
imum  value  in  turns  in  the  downstream  direction,  then 
they  increase  gradually  toward  about  zero.  These  varia¬ 
tions  of  skewness  are  explained  as  follows.  The  skewness 
decreases  in  the  region  x/d  <  15  because  of  the  production 
of  species  in  the  developing  region  of  the  jet.  Once  the  jet 
becomes  fully  developed,  the  diffusion  effect  by  turbulent 
mixing  is  superior  to  that  of  chemical  reaction,  then  the 


(b)  Species  S. 


Figure  7:  Radial  profiles  of  the  mean  concentration  of  species 
R  and  S  (/3  =  20). 


Figure  8:  Downstream  variations  of  concentration  fluctua¬ 
tion  r.m.s.  value  of  species  R  and  S  on  the  jet  axis.  For 
symbols,  see  Figure. 6. 
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(b)  Species  S. 


(b)  Species  S. 


Figure  9:  Downstream  changes  of  the  p.d.f.  of  concentration  Figure  10:  Downstream  variations  of  the  skewness  of  species 
of  species  R  and  S  on  the  jet  axis  (/3  =  20).  ^  anc*  ^  on  the  Jet  ax's  Non-reactive  case.  For  other 

symbols,  see  Figure.6. 


Figure  11:  Downstream  changes  of  concentration  cross¬ 
correlation  coefficient  of  species  R  and  S  on  the  jet  axis 

09  =  20). 


skewness  increases  and  reaches  the  maximum  value.  After 
that,  the  effect  of  chemical  reaction  becomes  again  supe¬ 
rior  by  proceeding  of  turbulent  mixing,  then  the  skewness 
decreases  and  takes  the  second  minimum  value.  In  further 
downstream,  the  diffusion  effect  of  turbulence  becomes  pre¬ 
dominant  so  that  the  skewness  increases  gradually  and  the 
p.d.f.  becomes  like  the  Gaussian  distribution. 

Figure  11  shows  the  downstream  changes  of  the  concen¬ 
tration  cross- correlation  coefficient  Rrs  of  species  R  and 
S.  The  cross- correlations  show  the  positive  values  at  the 
small  time  lag  r.  These  positive  values  mean  that  the  pro¬ 
duction  of  species  R  by  the  first  reaction  (1)  is  superior  to 
the  consumption  of  species  R  by  the  second  reaction  (2). 

CONCLUDING  REMARKS 
The  consecutive  and  competing  reaction  (A  +  B  — >  R, 
R  +  B  — >  S)  in  the  turbulent  jet  was  investigated  experi¬ 
mentally.  The  instantaneous  concentration  of  two  chemical 
products  R  and  S  have  been  measured  simultaneously  by 
the  optical  probe  on  the  basis  of  the  light  absorption  spec- 
trometric  method.  Main  conclusions  are  summarized  as 
follows. 

(1)  The  species  R  starts  to  be  produced  efficiently  from 
the  neighborhood  of  the  nozzle  exit  (which  corre¬ 
sponds  to  the  transition  region  of  the  jet),  then  its 
mean  concentration  reaches  the  peak  around  x/d  = 
40.  In  the  further  downstream  region,  the  effect  of 
turbulent  diffusion  becomes  predominant  so  that  the 
mean  concentration  decreases. 

(2)  The  species  S  is  mainly  produced  in  the  fully  devel¬ 
oped  turbulent  region  of  the  jet  ( x/d  >  20),  so  that  its 
mean  concentration  increases  gradually  in  the  down¬ 
stream  direction.  The  balance  between  the  chemical 
production  and  the  turbulent  diffusion  decides  the  po¬ 
sition  of  the  peak  of  mean  concentration.  In  the  region 
where  the  turbulent  diffusion  becomes  predominant, 
the  mean  concentration  decreases  in  the  downstream 
direction. 

(3)  The  skewness  of  the  concentration  p.d.f.  of  species  R 
and  S  shows  the  negative  value  in  the  region  where 
the  chemical  production  is  superior  to  the  diffusion 
effect. 
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ABSTRACT 

We  evidence  the  existence  of  an  extended  self-similarity  for  a 
geometrical  structure  function  analogous  to  that  studied  for 
turbulent  flows.  It  gives  the  possibility  to  measure  the 
scaling  exponents  £p  characterizing  roughness  statistics.  We 
find  that  the  £p  exponents  are  very  close  to  the  ones 
measured  for  turbulent  flows  by  velocity  measurements.  It 
means  that  intermittency  can  be  visualized  on  turbulent 
fronts  by  a  geometrical  approach. 

A  turbulent  flame  is  characterized  by  the  ratio  U’/Ul  where 
U1  is  the  turbulent  intensity  and  Ul  the  laminar  velocity  of 
the  flame.  By  the  tomography  laser  technique,  we  have 
photographed  turbulent  flames  (propane-air-nitrogen 
mixture)  for  different  values  of  U'/Ul*  The  resulting  image  is 
binarized  in  order  to  visualize  the  front  (Fig.  1).  Burnt  areas 
are  black  parts.  We  interest  on  the  geometry  of  this  front  and, 
more  particularly,  on  its  roughness  fluctuations.  It  can  be 
observed  in  Figure  2  the  evolution  of  the  roughness  along 
the  front  for  balls  of  size  Lj/2  where  Lj  is  the  integral  scale 
(Lj=5.2mm).  The  roughness  fluctuations  Xr  present  important 
variations  if  we  compare  them  to  the  average  <£,•>.  The  main 
idea  of  our  work  is  to  show  that  this  geometrical  signal 
contains  intermittency. 

Our  experimental  procedure  is  the  following:  the  front  is 
covered  by  balls  of  size  r  (Fig.  3).  For  each  ball,  the  local 
roughness  XT=L/Lp  is  measured  where  L  is  the  length  of  the 
front  portion  in  the  ball  and  Lp  its  projected  length  in  the 
mean  direction  of  propagation;  the  latter  is  determined  by 
fitting  linearly  the  same  portion  and  by  taking  the 
orthogonal  direction  to  this  fit.  7^  beeing  a  linear 
roughness,  to  obtain  the  corresponding  surfacic  roughness 
Xr,  an  approximated  formula  HI?=2XT?-l  derived  from 
homogeneity  and  isotropy  arguments  is  used.  This 
roughness  Zr  results  from  the  action  on  the  front  of  the  flow 
scales  equal  or  smaller  than  r. 


In  a  recent  study  (Pocheau  and  Queiros-Conde,  1996; 
Queiros-Conde,  1996),  the  following  scale  invariant  law 
has  been  proposed  : 


where  U’r  is  the  r.m.s.  of  the  flow  for  the  scales  equal  or 
smaller  than  r  and  P=0(I)  is  a  constant  which  depends  on  the 
equivalent  ratio  of  the  mixture.  This  law  has  been  tested  by 
direct  measurements  on  a  set  of  turbulent  flames  for  different 
values  of  U'/Ul  and  for  different  scales  r.  The  validity  of  (1) 
does  not  depend  on  the  front  size:  if  we  reduce  it  to  small 
size,  the  law  is  conserved  and  (1)  is,  thus,  valid  in  each  ball 
of  size  r  defined  on  the  front.  This  relation  gives  a  link 
between  roughness  fluctuations  and  turbulent  intensity. 
However,  it  is  known  that  the  turbulent  flow  via  Darrieus- 
Landau  instability  is  modified  by  the  presence  of  the  flame. 
For  this  reason  our  aim  is  not  to  use  the  relation  (1)  for 
quantitative  purposes  but  to  show  that  intermittency, 
despite  this  influence  of  combustion  on  turbulence,  can 
appear  by  this  geometrical  procedure. 

So,  Xr  is  measured  in  each  ball,  then  extracting  U'r  by  (1),  a 
statistical  study  of  U’r  fluctuations  becomes  possible.  The 
following  geometrical  structure  functions  are  defined: 

%p<r,-(KV^ 

We  look  for  a  scaling  behavior  Sgp(r)  ~  r  .  In  a  log-log 
representation,  no  linear  zone  really  appears  showing  that 
our  turbulent  flames  result  from  scales  between  dissipative 
and  inertial  range  (Fig.  4  for  p=2,  p=3  and  p=5).  However,  we 
evidence  the  existence  of  a  power  law  when  we  represent  any 
structure  function  Sg>p(r)  as  a  function  of  another  any 
structure  function  Sg  qfr)  (Fig.  5  a)  for  p=2,  q=3  and  Fig.  5  b) 
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for  p=6,  q=5).  This  is  exactly  the  result  of  Benzi  et  al.  (1993) 
called  extended  self-similarity  and  established  for  turbulent 
flows  and  that  holds  too  for  low  Reynolds  number  or  scales 
belonging  to  the  dissipative  range.  This  property  has 
allowed  the  determination  of  the  relative  scaling  exponents 
fsp/£q  •  These  ones  are  different  from  the  linear  value  p/q  that 
they  would  have  if  U'r  statistics  was  really  gaussian.  This 
deviation  from  linear  behavior  is  called  intermittency 
(Kolmogorov,  1962).  By  using  the  exact  result  £3  =  1  of 
Kolmogorov  (1941),  the  absolute  exponents  £p  can  be 
calculated  and  represented  in  Figure  6.  We  find  that  these 
values  are  very  close  to  the  ones  obtained  from  velocity 
increments  measurements  on  turbulent  flows  (Anselmet  et  al., 
1984;  Benzi  et  al.  ,1993). 

To  conclude:  the  evidence  of  extended  self-similarity  and 
intermittency  on  turbulent  fronts  suggests  that  some 
problems  of  turbulence  could  be  studied  by  a  geometrical 
way. 
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FIG.  2.  ROUGHNESS  FLUCTUATIONS  ALONG 
THE  FRONT  FOR  BALLS  OF  SIZE  L|/2. 


FIG.  3.  METHOD  TO  MEASURE  ROUGHNESS 
FLUCTUATIONS,  n  INDICATES  THE  MEAN  DIRECTION 
OF  THE  FRONT  IN  THE  BALL. 


FIG.  1.  TURBULENT  FLAME  FOR  U'/U|_=2.2  WITH 
U[_=0.4.  THE  HEIGHT  OF  PICTURE  REPRESENTS  12  L|. 
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FIG.  4.  LOG-LOG  PLOT  OF  Sg,2(r)  (CIRCLES), 
Sg,3<r)  (SQUARES)  AND  Sg,5  (r)  (CROSSES). 


FIG.  5  (b)  LOG-LOG  PLOT  OF  Sg  6(r)  VS.  Sq  5  (r)  FOR 
THE  SAME  VALUES  OF  U'/Ul-  THE  SLOPE  OBTAINED 
BY  LINEAR  FITTING  IS  1.15. 


FIG.  5  (a)  LOG-LOG  PLOT  OF  Sg  i2  (r)  VS.  Sg  3  (r)  FOR 
DIFFERENT  VALUES  OF  U'/uJ  1.4  (SQUARES),  1.7 
(TRIANGLES)  ,  AND  2.2  (FULL  SQUARES).  THE  FIT 
GIVES  A  SLOPE  OF  0.71. 


FIG.  6.  EXPONENTS  £p  VS.  P  FOR  U7U|_  =  2.2 
(CIRCLES).  THE  TRIANGLES  REPRESENT  THE 
RESULTS  OF  BENZI  ET  AL„  AND  THE  SQUARES  THE 
VALUES  OF  ANSELMET  ET  AL..  THE  STRAIGHT  LINE 
INDICATES  THE  KOLMOGOROV  SCALING  p/3. 
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ABSTRACT 

The  fundamental  characteristics  of  the  open 
channel  flows  with  a  side  discharge  are  investigated 
experimentally  and  numerically.  It  is  shown  through 
the  examination  of  the  laboratory  tests  that  the 
vortex  formation  processes  generated  by  the  shear 
instability  can  be  seen  in  the  downstream  of  an 
influx.  The  depth  averaged  2  -  D  flow  model  with 
both  the  simple  eddy  viscosity  model  and  the  non 
-  linear  k  -  e  turbulence  model  are  applied  to 
reproduce  the  flow  behaviour  numerically.  It  is 
shown  by  the  considerations  of  numerical  results 
that  the  plane  2  —  D  model  with  the  simple  eddy 
viscosity  is  applicable  to  the  flow,  though  the  model 
refinement  is  needed  to  improve  the  time  averaged 
velocity  distribution.  The  results  of  test  simulations 
also  reveal  that  the  standard  k  -  t  model  has  no 
ability  to  calculate  the  flow  induced  by  the  shear 
instability,  and  the  effect  of  the  strain  parameter 
on  cu  should  be  included  in  the  model. 

INTRODUCTION 

The  open  channel  flow  with  a  side  discharge  can 
be  seen  at  the  confluence  point  of  two  large  and 
small  rivers,  near  the  outlet  of  the  hydropower 
station,  etc.  It  is  necessary  to  know  the  flow 
structure  in  the  downstream  of  an  influx  to  predict 
the  river  bed  configuration,  the  local  scour  and 
the  bank  erosion  near  the  opposite  bank  of  an 
influx. 

The  flow  with  a  side  discharge  is  characterized 
by  the  vortex  formation  processes,  which  are 
generated  by  the  shear  instability,  in  the  downstream 
of  the  influx  as  shown  in  Photo.  1.  As  these  vortices 
induce  the  large  temporal  velocity  variations  with 
the  relatively  long  period  in  comparison  with  the 


turbulence,  it  is  important  to  reproduce  the  unsteady 
flow  behaviour  with  vortices. 

The  plane  2  -  D  unsteady  flow  equations  with 
the  simple  eddy  viscosity  evaluated  by  ahu * 
( a :  constant  h ;  depth,  u  * ;  friction  velocity )  are  firstly 
used  to  calculate  the  flow  behaviour  under  the 
condition  of  the  laboratory  tests,  because  the 
applicability  of  the  model  to  the  shear  instability 
has  been  verified  by  using  the  linear  stability 
analysis  and  the  numerical  tests  [1,2,3].  It  is  shown 
through  the  comparison  between  the  numerical  and 
experimental  results  that  the  characteristics  of  the 
temporal  velocity  variations  can  be  simulated  by 
the  numerical  model  to  a  certain  extent. 

From  the  point  of  view  of  the  model  refinement, 
the  turbulence  model  based  on  the  k  -  e  model 
is  introduced  to  the  numerical  model.  It  is  pointed 
out  that  the  standard  k  —  t  model  is  not  applicable 
to  the  vortex  generated  by  the  shear  instability 
as  well  as  the  Karman  vortex  pointed  out  by 
Franke  •  Rodi  [4]  and  Kato  •  Launder  [5]  and  the 
further  refinement  such  as  the  introduction  of  the 
strain  parameter  is  needed. 

OUTLINE  OF  LABORATORY  TESTS 

The  laboratory  test  was  carried  out  in  the 
Research  Center  of  Chugoku  Electric  Company  Ltd. 
by  using  the  open  channel  with  rectangular  cross 
section  (width  B  =  1.0  (m),  length  L  =  8.25  (m), 
slope  sin  8  -  6/1000)  to  investigate  the  influence 
of  an  efflux  from  the  hydropower  station  on  the 
river  flow.  The  small  guide  channel  for  a  side 
discharge  is  attached  to  the  main  channel  at  an 
angle  to  the  side  wall  of  main  channel  as  shown 
in  Fig.l.  Hydraulic  variables  of  laboratory  test  are 
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(a)  Small  vortices  near  the  inlet 


(b)  Large  vortices  after  pairing  and  merging 


Photo  1  Flow  visualization  by  dye  for  Run  A  — 0 


listed  in  Table  1. 

The  temporal  velocity  variations  were  measured 
at  a  few  points  in  both  the  depth  -  wise  and  the 
transverse  direction  of  several  cross-sections  by 
the  electro -magnetic  current  meter.  The  flow  in 
the  downstream  of  an  influx  was  visualised  by 
dye.  The  small  vortices  in  the  vicinity  of  the  inlet 
and  the  large  vortices  formed  by  the  pairing  and 
merging  processes  in  the  downstream  of  the  inlet 
can  been  seen  in  Photo  1  (a)  and  (b). 

NUMERICAL  MODEL  AND  CONSIDERATIONS  OF 
CALCULATED  RESULTS 


Basic  Equations  of  Plane  2  -  D  Model 
The  basic  equations  are  composed  of  the  depth 
-  averaged  continuity  equation  and  momentum 
equations  in  the  x  —  and  y  -  directions  expressed 
by  Eq.(l)  to  Eq.  (3), 


dh  dM  dN 
dt  +  dx  dy 
dM  duM  dvM  ,  dh 

-df+-dFL~W+0^pi" 

+  d-u2h  d-u'v'h  [ 
dx  +  dy 

dN  duN  dvN  Ldh 

d-u'v'h  d-v2  h 

+  — - - +  — - - +, 

dx  dy 


(1) 

gh  sin#  - — u  Ju2+v2 

l{JLlh<hi)+jL(h<*L)\ 

(2) 

'dzl  dx>  3y'  dy)> 

■-  -  ~vjuz+v2 

(3) 

'Sr'  dx>  dy  V  dyli 

where  h  :  the  water  depth,  ( u.v )  :  the  depth  — 
averaged  velocity  vectors,  ( M.N)  :  the  discharge 
flux  vector  defined  as  M  =  hu,  N  =  hv,  -  ui  uj  :  the 
depth  -  averaged  Reynolds  stress  tensors 
(u'j=t/,  u  2  -  v),  f :  the  bottom  friction  factor  relating 
to  the  local  Reynolds  number,  v  :  the  molecular 
dynamic  viscosity,  6  :  the  bottom  slope  of  open 
channel. 

Numerical  Method  and  Conditions  of  Calculation 
The  finite  volume  method  with  QUICK  scheme 
for  the  convective  inertia  term  is  adopted  as  the 
numerical  method.  The  Adams  -  Bashforth  method 
with  2nd  order  accuracy  is  used  for  the  time 
integration. 

The  initial  and  boundary  conditions  of  calculation 
are  illustrated  in  Fig.  1.  The  wall  shear  stresses 
are  evaluated  by  the  log  -  law,  using  the  velocity 
in  the  x  -  direction  defined  at  the  cell  adjacent 
to  the  wall. 

Simple  Eddy  Viscosity  Model  and  Its  Results 
The  simple  modeling  expressed  in  Eq.  (4)  is 
used  for  the  evaluation  of  the  depth  averaged 
Reynolds  stress  tensors. 

— . -  idui  du:  v  o 

~uiui  =  £^fc~+foT  /  HkS'r  D=  ahu*’ 

where  u*  :the  local  friction  velocity  (=  Jf(u2+v2)/ 2), 
k  :  the  depth  averaged  turbulent  kinetic  energy 
evaluated  by  the  empirical  formula  by  Nezu  [6] 
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Table  1  Hydraulic  variables  of  laboratory  tests 


B 

(m) 

W 

Cm) 

B/W 

a 

(deg) 

Q 

(1/s) 

Qin 

(1/s) 

he 

(cm) 

sin  6 

Re 

Run  A-  0 

1.0 

0.2 

5.0 

40 

1.98 

8.89 

13.11 

6/1000 

8300 

Run  A- 1 

1.0 

0.6 

1.67 

40 

1.98 

8.89 

13.11 

6  / 1000 

8300 

Run  A-  2 

1.0 

0.8 

1.25 

40 

1.98 

8.89 

13.17 

6/1000 

8300 

Run  A-  3 

1.0 

1.2 

0.83 

40 

1.98 

8.89 

13.11 

6/1000 

8300 

Run  B-  0 

1.0 

0.6 

1.67 

90 

1.98 

8.89 

13.04 

6/1000 

8300 

Run  B- 1 

1.0 

0.6 

1.67 

75 

1.98 

8.89 

13.02 

6/1000 

8300 

Run  B-2 

1.0 

0.6 

1.67 

25 

1.98 

8.89 

13.0 

6/1000 

8300 

Run  C-  0 

1.0 

0.6 

1.67 

40 

3.95 

6.92 

13.10 

6/1000 

8300 

Run  C-  1 

1.0 

0.6 

1.67 

40 

5.93 

4.94 

13.09 

6/1000 

8300 

Run  C-  2 

1.0 

0.6 

1.67 

40 

6.92 

3.95 

13.13 

6/1000 

8300 

Run  C-  3 

1.0 

0.6 

1.67 

40 

8.89 

2.96 

13.25 

6/1000 

9060 

as  2.07  u  *2. 

The  calculated  flow  patterns  of  Run  A  -  0  with 
a  =  0.3  are  shown  at  every  5  seconds  in  Fig.2. 
The  large  vortex  formation  and  merging  shown 
in  Photo  1  (b)  can  be  seen  in  the  figure,  but  the 
small  vortices  in  the  vicinity  of  the  influx  shown 
in  Photo  1  (a)  is  not  reproduced  precisely.  Further 
investigation  will  be  carried  out  by  using  the  fine 
grid  system. 

The  temporal  velocity  variations  at  the  point  A 
indicated  in  Fig.2  are  shown  in  Fig.  3.  The 
calculated  velocity  variations  are  not  periodic  but 
chaotic,  and  the  oscillation  with  the  time  period 
nealy  5  seconds,  which  seems  to  be  generated  by 
the  vortex  formation,  can  be  seen  in  the  long  (20 

-  40  sec.)  periodic  oscillation  due  to  the  pairing 
and  merging  of  vortices.  The  similar  feature  is 
detected  in  the  measured  velocity  variations,  though 
the  turbulence  is  superimposed  on  the  velocity 
variations  with  the  long  period.  The  amplitude  of 
the  calculated  velocity  variations  is  in  good 
agreement  with  the  amplitude  of  the  obseved  ones. 

Fig.  4  shows  the  time  averaged  velocity 
distribution  in  the  transverse  direction  of  Run  A 

-  0.  The  model  refinement  seems  to  be  required 
because  the  calculated  velocity  distributions  with 
the  0  -  equation  model  are  more  diffused  than  the 
observed  ones  and  the  discrepancy  near  the  side 
wall  is  large. 

Model  Refinement 

From  the  point  of  view  of  the  model  refinement, 
the  turbulence  model  based  on  the  k  -  e  model 
is  introduced  and  the  model  performance  is 
investigated,  paying  attension  to  the  applicability 
to  the  vortex  formation. 

The  k  -e  model  is  composed  of  Eq.(l)  -  (3) 
and  the  k-c  equations  given  by  Eq.(5)  and  (6) 
[7]. 

dhk  |  duhk  dvhk  d  f  D  ,dk  \  d  /  D  ,dk  \ 
dt  dx  dy  di\oh  dx  > +  dy  '  ak  h  dy  > +  ^ 

Pro  +ck  u  2  -he 


Fig.  1  Schematic  illustration  of 
laboratory  test  and 
coordinate  system 


dhe  duhe 
dt  +  dx  + 


9  (D  udE\ 

dy  dx\oe  dx'  dy  \ ot  ™ dy  / + 


E  U* 

C'h^-Pro+C'-l-r 


ck  =  ujfil.  c.  =  3.6  C  JcJmpi* 


(6) 


where  D\  the  eddy  viscosity  defined  by  Eq.(7). 


Standard  k  -  e  Model 

The  Reynolds  stresses  are  evaluated  by  Eq.(7) 
in  the  standard  k  -  e  model. 


-u -Uj  =  D  (7) 

The  flow  pattern  of  Run  A  -  0  calculated  with 
Eq.(7)  is  shown  in  Fig.  5.  There  is  one  steady 
circulation  without  the  continuous  vortex  generation 
in  the  downstream  of  the  influx. 


Non  -  linear  k  -  e  Model 

A  few  types  of  higher  order  k  -  e  models  have 
been  proposed  to  improve  the  ability  of  k  -  e 
model  [8,9,10,11],  The  second  order  term  is  only 
included  in  the  non —  linear  k  —  £  model  as  expressed 
in  Eq.(8). 


~uiui  cv£Sij  3kSij  CU  £2  ~3S0aaSij)’ 


(i=l,2  andj=  1,2)  (8) 

=  _j_,duLduj  dur  0Ujv 

li;  dxr  dxr’  29  2  \dx(  dxr+  dxi  dx} 

du.du .  1 

S3«  =  d^<E“ 

As  for  the  second  order  term,  the  expression  based 
on  the  principle  of  material  frame  indifference  (the 
objectivity),  which  was  proposed  by  Pope  [9]  and 
Gatski  •  Speziale  [10],  is  considered  to  be  equivalent 
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Fig.  2  Calculated  results  of  vortex  formation  processes  in  Run  A  —  0 


Fig.3  Temporal  velocity  variations 
(Rim  A  — 0,  Point  A) 

to  Eq.(8)  if  the  model  constants  are  adjusted.  As 
the  model  constants,  c^O.6.  c2= 0,  c3=-0.15  are 
used. 

Fig.  6  shows  that  the  steady  circulation  is 
elongated  in  the  longitudinal  direction  compared 
with  the  flow  pattern  of  k  -  £  model,  but  the  vortex 
is  not  shed  yet. 


Fig.4  Transverse  distribution  of  time  -  averaged 
velocity  in  the  longitudinal  direction 
(Run  A-0) 


Standard  k  -  e  Model  With  cll  Relating  to 
The  Strain  Parameter 

As  the  objectivity  also  predicts  cft  relating  to 
the  strain  parameter,  S,  and  the  rotation  parameter, 
Q,  defined  as  Eq.(9-a)  and  (9-b),  respectively, 
the  standard  k  -  e  model  is  again  tested  with  the 
relation  between  cu  and  the  strain  parameter 
proposed  by  Kato  •  Launder  [5].  Run  S-l  and  S- 
4  listed  in  Table  2  are  choosed  as  the  model 
constants  of  Eq.(10).  Fig.7  shows  the  dependency 
of  cu  on  the  strain  parameter. 


du^ 

dxi 


dxi 


(9 -a) 
(9-b) 
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Fig.5  Plane  flow  pattern  by  standard  k  -  e  model  (Hun  A  -  0) 


Fig.6  Plane  flow  pattern  by  non-linear  standard  k-e  model 
(Run  A  -0,  C[=0.6.  c2= 0,  c3=  -0.15)) 


Table  2  Constants  used  in  the  relation 
between  c»  and  strain  parameter 


A,  A, 

Run  S- 1 

0.  35  0.  3 

Run  S-2 

0. 35  0.  2 

Run  S-3 

0. 35  0. 1 

Run  S-4 

0.  7  0.  3 

Run  S-5 

1.0  0. 3 

Fig-7  Relation  between  c„  and  strain  parameter 


Fig.  8  Calculated  results  of  flow  patten  in  Run  A  -  0  by  k  -  e  model 

with  the  effect  of  strain  parameter,  on  eddy  viscosity  (Run  S  - 1) 


c-^  CS)  =  min  0.09,  ■ 


e]  «® 


1 +A  j  (min  (20.S))1'5 

The  flow  patterns  of  Run  A-0  under  the 
conditions  of  Run  S-l  and  S-4  are  shown  in  Figs. 
8  and  9.  The  vortex  formation  processes  are 
reproduced  by  using  the  condition  of  Run  S-4  in 
Fig.  9.  The  time  averaged  velocity  distributions  in 
the  transverse  direction  are  in  good  agreement  with 
the  laboratory  tests  as  shown  in  Fig.  10  (c).  Temporal 
velocity  variations  of  Run  S-4  are  also  shown 
in  Fig.  11. 


CONCLUSIONS 

The  results  obtained  in  this  paper  are  summarized 
as  follows  : 

(1)  It  is  shown  by  the  laboratory  test  that  the 


vortex  formation  processes  generated  by  the  shear 
instability,  which  induce  the  large  temporal  velocity 
variations,  are  observed  in  the  downstream  flow 
of  a  side  discharge  . 

(2)  The  unsteady  flow  with  vortices  can  be 
reproduced  numerically  by  using  the  plane  2  -  D 
flow  model  with  the  simple  turbulence  model,  though 
the  model  refinement  is  needed  to  improve  the  time 
averaged  flow  pattern. 

(3)  Test  simulations  by  the  use  of  the  turbulence 
model  based  on  the  k  —  e  model  reveal  that  the 
standard  k  —  t  model  has  no  ability  to  calculate 
the  flow  induced  by  the  shear  instability  and  cu 

relating  to  the  strain  parameter  deduced  by  the 
principle  of  material  frame  indifference  should  be 
considered  in  the  model. 


19-5 


t  »  108.01  *«c 
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Fig.  9  Calculated  results  of  vortex  formation  processes  in  Run  A  -  0  by  k  -  e  model 
with  the  effect  of  strain  parameter  on  eddy  viscosity  (Run  S-4) 


(b)  Non  —  linear  k  —  e  model 


u(cm/s) 

(c)  k  —  £  model  with  strain 
parameter  (Run  S-4) 

Fig.  10  Transverse  distribution  of  time  —  averaged  velocity  in  the  longitudinal  direction  (Run  A  — 0) 


REFERENCES 

[1]  Hosoda,  T.  and  Kimura,  I. :  Vortex  formation 
with  free  surface  variation  in  shear  layer  of  plane 
-  2D  open  channel  flows,  Proc.  9th  Symp.  on 
Turbulent  Shear  Flows,  Vol.l  P112,  1  -4,  1993. 

[2]  Nadaoka,  K.  and  Yagi,  H. :  Horizontal  large  - 
eddy  computation  of  river  flow  with  transverse 
shear  by  SDS  &  2DH  model,  J.  of  Hydraulic,  Coastal 
and  Environmental  Eng.,  JSCE,  No. 473/  II  -  24,  pp. 
35-44,  1993  (in  Japanese). 

[3]  Kimura,  I.,  Hosoda,  T.  and  Tomochika,  H.  : 
Characteristics  of  spatially  growing  disturbances 
in  a  mixing  shear  layer  of  open  channel  flows,  J. 
of  Hydraulic,  Coastal  and  Environmental  Eng.,  JSCE, 
No.509/n  -  30,  pp.99-109,  1995  (in  Japanese). 

[4]  Franke,  R.  and  Rodi,  W. :  Calculation  of  vortex 
shedding  past  a  squire  cylinder  with  various 
turbulence  models,  Turbulent  Shear  Flows  8,  pp.189 
-204,  1991. 

[5]  Kato,  M.  and  Launder,  B.E.  :  The  modelling  of 
turbulent  flow  around  stationary  and  vibrating 
square  cylinders,  Proc.  9th  Symp.  on  Turbulent 
Shear  Flows,  Kyoto,  VoLl,  10-4-1-10-4-6,  1993. 

[6]  Nezu,  I.  and  Nakagawa,  H. :  Turbulence  in  open 
channel  flows,  IAHR  Monograph,  Balkema,  1993. 

[7]  Rastogi,  A.  and  Rodi,  W. :  Predictions  of  heat 
and  mass  transfer  in  open  channels,  J.  Hydr.  Dov., 
ASCE,  Vol.l 03  (3),  pp.397  -  420,  1978. 


Fig.ll  Temporal  velocity  distributions 

with  the  effect  of  S  (Rim  S-4) 

[8]  Yoshizawa,  A.  :  Statistical  analysis  of  the 
deviation  of  the  Reynolds  stress  from  its  eddy 
viscosity  representation,  Phys.  Fluids  Vol.27,  pp.1377 
.-1387,  1884. 

[9]  Rubinstein,  R.  and  Barton,  J.M.  :  Nonlinear 
Reynolds  stress  models  and  the  renormalization 
group,  Phys.  Fluids  A  2,pp.l472  -  1476,  1990. 

[10]  Pope,  S.B. :  A  more  general  effective  viscosity 
hypothesis,  J.  Fluid  Mech.,  Vol.72,  pp.331  -  340,  1975. 

[11]  Gatski,  T.B.  and  Speziale  C.G.  :  On  explicit 
algebraic  stress  models  for  complex  turbulent  flows, 
J.  Fluid  Mech.,  Vol.254,  pp.59  -  78,  1993. 


19-6 


NUMERICAL  SIMULATION  AND  EXPERIMENTAL  VALIDATION  OF 
THE  TURBULENT  COMBUSTION  AND 
PERLITE  EXPANSION  PROCESSES 
IN  AN  INDUSTRIAL  PERLITE  EXPANSION  FURNACE 


A.  Klipfel  and  M.  Founti 
Mechanical  Engineering  Department 
Thermal  Engineering  Section 
National  Technical  University  of  Athens 
Patission  42,  Athens  10682 
Greece 

K.  Zahringer,  J.P.Martin  and  J.P. Petit 
C.N.R.S.  -  Laboratoire  EM2C.UPR  288 
Ecole  Centrale  de  Paris 
Grande  Voie  des  Vignes 
92295  Chatenay  -  Malabry  Cedex 
France 


ABSTRACT 

A  computational  code  has  been  developed  to  simulate  the 
expansion  process  of  perlite.  A  Eulerian  -  Lagrangian  approach 
has  been  applied  to  model  the  combustion  and  the  motion  of 
the  perlite  particles  in  a  vertical  expansion  furnace.  The 
expansion  of  a  single  particle,  which  takes  place  during  its 
motion  in  the  furnace,  has  been  modelled  by  taking  into 
account  the  perlite  chemical  composition  and  the  gradual 
variation  of  the  temperature  distribution  inside  the  grain. 
Experiments,  performed  in  a  perlite  expansion  plant,  have 
been  used  to  validate  the  computational  results. 

The  good  agreement  between  measurements  and  predictions 
indicates  that  the  developed  computational  tool  can  be  used  to 
optimise  the  industrial  process. 

INTRODUCTION 

Perlite  is  a  volcanic  mineral  (70-72%  Si02),  which  in  its 
expanded  form  has  very  good  thermal  and  sound  insulating 
properties.  When  granulated  raw  perlite  is  heated  up  in  a 
furnace  configuration  to  around  800-1100  °C,  the  combined 
water  (2%  to  6%)  present  in  the  mineral  structure  vaporises 
and  reforms  the  softened  particle  shape.  Steam  escape  creates  a 
mineral  "pop-corn"  in  which  the  original  gas  pockets  within  the 
rock  are  greatly  expanded,  increasing  the  porosity  of  the 
structure  and  decreasing  the  original  density.  Thus,  perlite  can 
expand  10  to  15  times  its  original  volume. 

At  present,  the  expansion  process  of  perlite  is  not  optimised 
in  industry  with  regard  to  the  raw  material  properties  and 
expanded  product  quality.  For  building  and  construction 
material  applications,  expanded  perlite  of  uniform  density, 
increased  hardness  and  well  controlled  size  distribution  is 
required  and  can  not  be  produced  without  optimisation  of  the 
expansion  process.  A  computational  code  capable  of  predicting 
the  combustion,  expansion  process  and  particle  trajectories  can 
serve  in  improving  the  quality  of  the  final  expanded  product 
and  in  optimising  the  energy  consumption  inside  the  furnace  by 
regulating  the  combustion  parameters. 

There  are  few  publications  treating  furnace  design  in  relation 
to  the  expansion  process.  Murdock  and  Stein  (1950)  provided 
a  technical  description  of  existing  furnace  concepts. 
Papanastassiou  (1979)  presented  a  simplified  mathematical 
analysis  of  the  expansion  in  a  vertical  furnace.  He  determined 


upper  and  lower  velocity  limits  for  the  combustion  gases  by 
estimating  the  distance  and  time  needed  by  an  expanded 
particle  to  fall  in  the  furnace  and  deduced  guidelines  for 
furnace  design  and  process  control.  Founti  et  al.  (1992)  and 
Founti  and  Klipfel  (1995)  first  applied  a  Eulerian  -  Lagrangian 
approach,  developed  for  the  prediction  of  turbulent  combusting 
flows  and  particle  characteristics  in  gas-solid  two-phase  flows, 
to  the  prediction  of  the  expanded  perlite  particle  trajectories  in 
a  vertical  expansion  furnace,  hi  these  works  the  combustion 
and  burner  design  have  not  been  modelled  in  detail,  the 
expansion  of  each  perlite  particle  has  been  based  on  empirical 
correlations  and  the  heat  transfer  between  particles  and  the 
surrounding  gases  has  not  been  taken  into  account, 
hi  order  to  optimise  the  production  process  much  more 
accurate  models  are  needed,  which  justifies  the  development  of 
a  new  simulation  tool. 


COMPUTATIONAL  APPROACH 

The  main  features  of  the  developed  code  are: 

•  Solution  of  the  combustion  gases  flow  field  inside  the 
furnace  for  various  types  of  fuel. 

•  Tracking  of  the  perlite  particle  trajectories  inside  the 
furnace  with  simulation  of  particle-wall  collisions  and 
graphical  representation  of  the  perlite  trajectories  via  a 
Computer  Aided  Design  system. 

•  Simulation  of  the  expansion  process  and  correlation  to  the 
tracking  of  the  trajectories 


Modelling  of  the  two-phase  flow  field 

The  combustion  gases  and  the  solid  perlite  particles  are 
considered  a  continuous  and  a  discrete  phase  respectively.  The 
equations  of  the  continuous  phase  transport  are  solved  using  a 
Eulerian  treatment  and  the  calculation  of  the  perlite  particle 
trajectories  is  performed  using  a  Lagrangian  formulation. 

Assuming  a  steady,  incompressible,  turbulent,  axisymmetric 
and  swirling  combusting  flow,  the  time  averaged  equations  of 
transfer  for  the  gas  phase  have  been  solved: 
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TABLE  1 
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r®  S  $ 


geff/°k 


8x  8x 


fip  8  (  5u  A  1  5  (  8v  't 

-  — +— —  ’’t'erfT- 
8x  8x  8x  )  r  8t  V.  8x  ) 

5p  8  (  Su  1  1  5  f  8\  )  v  pw 

—  +  —  neff  —  +  —  —  r  M.ff  — ~  “  2  t*.ff  •  —  + - 

?r  8x  v  8t  )  t  8t  \  8i  J  r  r 


- T'T'(r,l'fr) 

r  r  Or 
G  -  p  •  E 

(C,  ' G  ~C2  P'E) 
k 


Meff/Ofu 
M  eff/  °C  O  2 


Petf/omo 


(1+s)'Rfu  '  ^  C02 

0  +  s)  ■  R  fu  •  X  H  20 


G  =  M  ef 


f  ±lV  +f  JlVl.r^V  +  [r-  —  f  —l]2  +  (  -^-  +  — 

l  8t  )  l  r  J  l  5x  J  L  Sr  l  r  V  Sr  8x 


t>  +  C  u  •  P 


CM  =  0.09,  C  j  =  1  .44,  C 

can  describe  the  continuity,  the  momentum  transfer  in  the  three 
major  directions  (axial,  radial  and  azimuthal),  the  k-e 
turbulence  model,  the  transfer  of  enthalpy  and  the  transfer  of 
species  concentration  (fuel,  oxygen,  carbon  dioxide  and  water 
vapour).  The  source  terms  So  and  the  effective  viscosity  To  are 
shown  in  Table  1 . 

The  effects  of  radiation  have  been  modelled  by  solving  the 
Radiative  Transfer  Equation  (RTE)  according  to  the  Reverse 
Monte  Carlo  method  which  features  the  definition  of  the 
complete  path-lengths  of  the  bundles  inside  the  computational 
domain  and  the  solution  of  the  RTE  on  the  above-defined 
complete  path-lengths  (Papapavlou  et  al.  1994).  Furthermore, 
the  solution  of  the  RTE  provided  source/sink  tenns  which  have 
been  incorporated  in  the  enthalpy  transfer  equation. 

The  combustion  process  has  been  modelled  considering  a  two 
step  reaction  mechanism  where  production  and  combustion  of 
carbon  monoxide  have  been  taken  into  account.  A  volumetric 
reaction  rate  for  the  combustion  of  fuel  and  carbon  monoxide 
has  been  calculated,  hi  the  mixing  controlled  regime,  the 
reaction  rate  Rmi*  has  been  calculated  using  the  Eddy  Break-Up 
law  with  the  empirical  constant  A  set  to  1.,  while  in  the 
kinetically  controlled  regime  the  reaction  rate  Rkin  has  been 
calculated  according  to  an  Arrhenius  formula.  For  each 
computational  cell  the  reaction  rate  has  been  set  as  the 
milljRmix,  Rkin}- 

The  combustion  gas  has  been  assumed  to  be  a  mixture  of 
oxygen,  nitrogen,  carbon  dioxide,  water  vapor  and  gas  fuel. 
The  gas  temperature  has  been  derived  from  the  enthalpy  as 
0  =  h/Cp  where  the  specific  heat  Cp  is  calculated  as  a  weighted 


2=1  .92,  ak=  1  .00,  aE=l  .00 

sum  of  the  individual  Cp  of  the  mixture  components.  The 
combustion  gas  density  has  been  evaluated  from  the  equation 
of  state: 

P= - £ - 

V  1 

i=l  Mi 

Only  convective  heat  transfer  has  been  considered  in  the  near  wall 
region. 

The  resulting  system  of  equations  has  been  solved  via  a  finite 
difference  method  based  on  a  staggered  grid  arrangement, 
using  the  SIMPLE  algorithm,  Patankar  (1980),  the  upwind 
differencing  discretization  scheme,  and  the  Tri-Diagonal 
Matrix  Algorithm. 

The  perlite  particle  trajectories  have  been  calculated  by 
solving  the  instantaneous  particle  motion  (momentum) 
equation  which  take  into  account  the  effects  of  drag,  shear  lift 
(modified  according  to  Mei,  1992,  valid  for  flows  with  particle 
Re  number  larger  than  one),  rotational  lift  (extended  to  include 
the  relative  motion  between  the  particle  and  the  fluid, 
Sommerfeld  and  Zivkovic,  1 992)  and  of  gravity. 

The  perlite  particles  are  assumed  spherical  with  a  drag  . 
coefficient  calculated  using  values  according  to  Morsi  and 
Alexander  (1972),  which  closely  simulate  experimental  data. 

The  particle  dispersion  due  to  the  fluid  turbulence  is 
simulated  by  considering  that  the  instantaneous  fluid  velocity 
comprises  a  mean  and  a  fluctuating  component.  Fluid 
fluctuations  are  modelled  as  random  numbers  following  a 
Gaussian  distribution  with  zero  mean  value  and  standard 
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FIGURE  1. 

TYPICAL  RAW  MATERIAL  GRANULARITY 

deviation  set  from  Urms  =  (2/3k)05  considering  local  turbulence 
isotropy.  The  particle-to-eddy  interaction  time  is  determined  by 
the  eddy  life  time  and  the  crossing  trajectories  effect. 
Thereafter,  it  is  considered  that  the  particle  starts  to  interact 
with  a  new  eddy  and  a  new  fluctuation  component  is  sampled 
from  the  Gaussian  distribution  function.  The  sampling  is 
performed  for  the  three  velocity  components  and  the 
fluctuations  are  temporally  and  spatially  uncorrelated. 

The  model  of  Matsumoto  and  Saito  ( 1 970)  is  used  to  obtain 
the  particle  translational  and  rotational  velocities  after  a 
particle-wall  collision.  The  model  distinguishes  and  takes 
account  of  two  types  of  collision:  a  collision  with  and  without 
sliding.  The  empirical  restitution  coefficients  are  provided  by 
the  work  of  Tabakoff  et  al.  (1987).  For  the  calculations  the 
particles  have  been  simulated  as  glass  with  the  rest  of  the 
properties  being  those  of  quartz-sand  and  the  pipe  walls  were 
assumed  to  be  2024-A1  alloy. 

The  modulation  of  the  gas  phase  turbulence  due  to  the 
particles  and  particle-to-particle  collisions  are  not  taken  into 
account  due  to  the  low  concentration,  size  and  density  of  the 
expanded  perlite  particles  inside  the  furnace. 


Modelling  of  expansion  procedure 

The  model  used  for  the  calculation  of  the  expansion 


LAYOUT  OF  INDUSTRIAL  PERLITE  EXPANSION 
PLANT 


procedure  of  each  perlite  particle  is  based  on  calculations  of 
the  variation  of  the  temperature  and  viscosity  of  the  particle.  It 
is  assumed  that  expansion  takes  place  when  the  softening 
viscosity  (Shaw,  1 972 )of  the  material  is  attained. 

The  heating  of  perlite  is  calculated  via  a  non-isothermal  heat 
conduction  model  which  solves  the  one  dimensional  heat 
conduction  equation.  The  boundary  conditions  (combustion  gas 
temperature  and  velocity)  at  each  trajectory  location  are 
provided  by  the  combustion  code.  The  model  takes  into  account 
the  radiative  heat  flux  to  the  perlite  grain,  using  a  Stefan- 
Boltzmann  type  of  expression,  considering  that  the  perlite 
particles  are  surrounded  by  a  black-body. 

The  combustion  code  provides  the  temperature  and  velocity 
fields  inside  the  furnace.  As  each  perlite  trajectory  is  tracked, 
the  temperature  of  the  ambient  gas  in  the  particle  location  is 
calculated  and  the  residence  time  of  perlite  in  each  temperature 
region  is  recorded. 

Since  the  physical  properties  of  perlite  change  during  the 
expansion  process,  the  developed  one-dimensional,  implicit, 
upwind  numerical  "perlite  expansion”  subroutine  first 
calculates  the  temperature  distribution  using  the  properties  of 
raw  perlite.  When  the  expansion  conditions  (viscosity, 
temperature)  are  attained,  the  concerned  parts  of  the  grain 
expand  according  to  an  empirical  expansion  ratio  (about  three 
times)  and  their  properties  change  to  those  of  expanded  perlite. 
The  expansion  procedure  begins  at  the  surface  of  the  grain  and 
according  to  the  heating  rate,  proceeds  continuously  towards 
the  centre  of  the  particle.  Thus,  during  a  certain  time  the 
perlite  particle  consists  of  an  unexpanded  raw  perlite  core, 
decreasing  with  time  and  surrounded  by  a  crust  of  expanded 
material. 

The  tracking  of  the  particle  trajectory  continues  at  the  end  of 
the  time  step,  calculated  by  the  Lagrangian  code,  with  the  new 
particle  properties,  diameter  and  density.  If  the  temperature  of 
the  grain  increases  above  1250  °C,  the  melting  point  is  reached 
and  the  trajectory  is  stopped. 

A  statistical  procedure  allows  the  tracking  and  evaluation  of  a 
large  number  (e.g.  10000)  of  particle  trajectories.  Thus  for  a 
given  raw  material  size  distribution,  the  final  expanded 
material  size  distribution  and  the  proportion  of  melted  and 
unexpanded  particles  can  be  determined. 

A  typical  raw  material  granularity,  expressed  in  terms  of 
volume  percentage  of  each  size  fraction,  is  shown  in  Figure  1. 
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•  axial  velocity  measured 
-  axial  fit  velocity 

■  tangential  velocity  measured 
-  tangential  fit  velocity 

♦  radial  velocity  measured 
-  radial  fit  velocity 

FIGURE  4. 

MEASURED  VELOCITY  COMPONENTS  AT  FURNACE  INLET 


By  assuming  that  each  size  fraction  i  (i  =  l,n)  is  represented  by 
a  characteristic  spherical  particle  diameter  Dc(i),  e.g.  for  the 
size  fraction  0  -  300  pm  (i=  1 )  the  characteristic  diameter  is 
Dc(  1  )=  1 50  jim,  it  is  possible  to  calculate  the  percentage 
number  of  particles  Np(i)  which  corresponds  to  that  size 
fraction: 


NP(i)= 


Vfr(0 

%Dc(0 


random  number  RN  with  uniform  Probability  Density  Function 
(PDF)  within  the  range  0  -  1  is  sampled  and  compared  to  the 
cumulative  percentage  number  of  particles  C(j)  for  each  size 
fraction: 


C(i)=SNP(j),  i  =l,n 
j 

Furthermore,  the  initial  diameter  of  the  simulated  particle  is 
set  equal  to  the  Dc(i)  of  the  size  fraction  i  which  satisfies: 


where  Vfr(i)  is  the  percentage  volume  of  the  size  fraction  i..  In 


C(i-1)<  RN  <  C(i) 

INDUSTRIAL  EXPERIMENTS 

The  main  components  of  the  examined  perlite  expansion 
plant  are  presented  schematically  in  Figure  2.  The  vertical  axi- 
symmetric  furnace  is  about  7  m  in  height  and  0.6  m  in 
diameter,  it  is  made  of  steel  without  any  radiative  shield.  It  is 
driven  with  LPG  (80%  butane,  20%  propane)  and  the  burner 
creates  a  premixed  swirl  flame.  The  raw  material  is  injected  in 
the  lower  third  of  the  furnace  from  two  opposing  ducts  (Fig.  3). 


0.3  0.2  0.1  -0.0  -0.1  -0.2  -0.3 


0.3  0.2  0.1  -0.0  -0.1  -0.2  -0.3 


Radial  Distance  (m) 

FIGURE  6. 

CALCULATION  OF  FUEL  COMBUSTION  RATE 
DISTRIBUTION  IN  KG/S  M3. 
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It  is  expanded  in  the  furnace  and  the  lightweight  particles  are 
conveyed  out  of  the  furnace  together  with  the  exhaust  gases. 
The  expanded  perlite  is  separated  from  the  gas  flow  in  a 
cyclone  after  passing  a  cooling  chain.  The  combustion  gases 
leave  the  chimney  after  passing  through  an  aspiration  fan. 
Figure  2  also  shows  the  planes  where  velocity  and  temperature 
profiles  and  mass  flow  rate  measurements  have  been  obtained, 
in  hot  and  cold  conditions. 

Specially  designed  1.5  m  long  thermocouples  (type  K  and 
W5)  with  and  without  ceramic  coating  have  been  employed  for 
the  flame  temperature  measurements  inside  the  furnace. 
Furnace  wall  temperatures  have  been  measured  with  the  use  of 
optical  pyrometers,  which  could  be  focused  on  the  different 
measuring  locations  shown  in  Figs.  3  and  8. 

The  three  velocity  components  have  been  measured  at  the 
burner  outlet  (plane  A  in  Fig.  2)  under  cold  flow  conditions 
with  a  hot  wire  anemometer.  Under  operational  conditions,  a 
Prandtl-tube  designed  to  withstand  high  temperatures  has  been 
used  to  measure  the  temperature  distribution  at  the  lower  side 
of  the  viewing  port  (plane  C  in  Fig.  2). 

Velocity  measurements  obtained  at  the  furnace  outlet  and 
before  the  chimney  fan  have  been  compared  to  volumetric  air 
flow  rate  measurements  obtained  with  a  turbine  type 
anemometer  at  the  aspiration  side  of  the  blowing  fan.  They 
allowed  the  determination  of  the  inlet  air  flow  rate. 

During  the  industrial  experiments  (Zahringer  et  al.,  1997) 
raw  perlite  of  size  distribution  0  to  1.4  mm  has  been  expanded 
to  yield  particles  in  the  size  range  between  0  to  5  mm. 

COMPUTATIONAL  RESULTS 

Figure  4  presents  the  measured  velocity  components  at  the 
furnace  inlet,  under  isothermal  conditions,  together  with  the 
derived  fitted  profiles  which  have  been  used  as  inlet  conditions 
to  the  code.  The  profiles  demonstrate  the  symmetry  of  the  flow. 
The  axial  velocity  component  attains  high  values  close  to  the 
furnace  walls.  At  x/R  £  5  the  tangential  component  reaches 
nearly  the  same  value  as  the  axial  velocity,  indicating  a  strong 
swirling  motion  induced  by  the  burner  configuration.  The  same 
trend  is  observed  for  the  radial  velocity  component  which  could 
not  be  measured  over  the  whole  furnace  diameter.  Non- 


svstcmatic  axial  velocity  measurements  performed  with  the 
Prandtl-tube  under  operating  conditions  showed  good 
reproducibility  with  mean  values  of  the  axial  velocity  around 


20  m/s. 

Predictions  have  been  performed  in  a  Pentium  PC  (133  MHz, 
32  Mbytes  memory),  with  an  unevenly  distributed  grid  of  145 
x  46  nodes  in  the  axial  and  radial  directions,  respectively. 

Figure  5  shows  the  predicted  temperature  and  velocity 
contours  for  a  fuel  flow  rate  equal  to  1 35  kg/h  and  air  to  fuel 
ratio  equal  to  17.3.  The  radial  and  tangential  velocity  isotachs 
indicate  the  swirling  motion  of  the  flame  whereas  the 
temperature  iso-contours  demonstrate,  as  a  result  of  the 
swirling  motion,  relatively  flat  temperature  distribution  in  the 
central  part  of  the  furnace,  with  strong  gradients  close  to  the 
furnace  walls.  The  predictions  are  based  on  field  calculation  of 
the  fuel  combustion  rate  as  shown  in  Figure  6. 

hi  Figure  7  computed  temperatures  are  compared  to 
measurements  performed  at  the  level  of  the  furnace  viewing 
port,  with  very  good  agreement,  hi  Figure  8  indicative 
measured  and  predicted  temperatures  are  shown  for  different 
furnace  wall  locations.  Maximum  temperatures  measured  and 
predicted  in  the  centre  of  the  furnace  during  the  expansion 
reached  1000  to  1100°C.  Without  perlite  maximum 
temperatures  were  70  -  100  °C  higher  than  before.  When 
perlite  is  injected  in  the  furnace  it  absorbs  and  consumes  heat 
for  its  expansion,  with  consequent  lowering  of  the 
temperatures  in  the  furnace.  Overall,  the  predicted 
temperatures  in  the  furnace  and  along  the  walls  differ  from  the 
measured  values  less  than  10%.  At  the  furnace  outlet  the 
difference  between  the  measured  and  predicted  temperatures  is 
of  the  order  of  20%.  This  is  due  to  increased  cooling  of  the 
outlet  of  the  industrial  furnace  associated  to  the  weather 
conditions. 

The  measured  axial  velocities  at  the  viewing  port  (17  m/s) 
and  at  the  furnace  outlet  (25  m/s)  have  been  also  predicted  by 
the  code  quite  accurately. 

Figures  9  and  10  present  estimates  of  expanded  perlite 
granularity  for  different  feeding  heights  and  angles  of  the  raw 
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material.  It  is  shown  that  the  expanded  perlite  granularity  can 
be  improved  when  these  conditions  are  modified.  The  figures 
also  demonstrate  how  the  developed  computational  tool  can  be 
used  for  the  optimisation  of  the  expansion  process  and  the 
improvement  of  the  quality  of  the  expanded  perlite. 

CONCLUSIONS 

A  computational  approach  developed  for  the  prediction  of 
turbulent  combusting  flows  and  particle  characteristics  in  gas- 
solid  two-phase  flows  has  been  applied  to  the  industrial 
process  of  perlite  expansion  and  compared  to  flow  rate, 
temperature  measurements  performed  in  a  vertical  perlite 
expansion  furnace.  The  achieved  good  agreement  in  the  results 
allows  the  improvement  and  control  of  the  expansion  process 
of  perlite  taking  into  account  the  expansion  furnace  conditions 
(geometry  and  operating  parameters)  as  well  as  the  raw 
material  properties. 
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ABSTRACT 

.Flow  velocity  measurements  and  heat  transfer  experiments 
were  carried  out  for  a  jet  obliquely  discharged  into  a  crossflow 
in  a  duct.  Flow  measurements  were  made  with  a  fiber  laser 
Doppler  velocimetry  and  heat  transfer  experiments  were  made 
by  making  use  of  a  therm ochromic  liquid  crystal.  The  obtained 
data  reveal  that  the  inclined  jet  is  effective  in  generating 
longitudinal  vortices  in  the  crossflow.  It  is  demonstrated  to  be 
effective  in  enhancing  the  impinging  jet  target  plate  heat 
transfer.  Therefore,  it  is  promising  as  a  means  to  cool  the 
inner  surface  of  high  temperature  gas  turbine  vanes.  The 
obtained  heat  transfer  data  are  discussed  in  detail  in  terms  of 
the  measured  flow  field  and  turbulence  data. 

INTRODUCTION 

Generation  of  longitudinal  vortices  is  an  effective  way  to 
control  the  characteristics  of  near-wall  flow  and  therefore  to 
enhance  the  wall  heat  transfer  [Suzuki,  1996],  Its  effectiveness 
in  enhancing  turbulent  heat  transfer  has  been  well 
demonstrated  both  for  the  case  where  vortex  generators  are 
directly  attached  to  a  heat  transfer  surface  [Eibeck,  et  al.,  1987 
and  Fiebig,  et  al.,  1995]  and  for  the  case  where  they  are 
attached  to  a  Large  Eddy  Break-Up  manipulator  mounted  in  a 
position  detached  from  a  heat  transfer  surface  [Inaoka,  et  al., 
1992  and  1995].  However,  in  some  practical  cases,  coolant 


passages  are  not  large  enough  in  size  to  mount  such  vortex 
generators,  such  as  in  the  case  of  the  inside  of  a  gas  turbine 
vane.  The  width  of  the  coolant  air  passage,  between  the  insert 
and  the  inner  surface  of  the  turbine  vane,  is  normally  less  than 
one  millimeter.  Therefore,  it  is  valuable  to  find  a  way  to 
generate  longitudinal  vortices  without  mounting  any  vortex 
generators. 

In  the  case  of  gas  turbine  vanes,  impinging  jets  issued  from 
the  multiple  holes  drilled  in  the  insert  are  normally  used  as  a 
means  for  the  cooling  of  their  inner  surface.  Thus,  a  study  was 
initiated  to  investigate  the  possibility  of  generating  the 
longitudinal  vortices  by  making  use  of  the  jets  themselves. 

A  similar  attempt  was  made  by  Johnston  and  Nishi  [1990], 
but  they  aimed  at  using  the  generated  vortices  as  a  means  to 
suppress  flow  separation  from  the  nozzle-installed  surface.  In 
the  present  study,  it  is  desired  to  have  the  generated 
longitudinal  vortices  situated  as  close  as  possible  to  the  target 
plate  opposite  to  the  nozzle-installed  surface. 

EXPERIMENTAL  APPARATUS,  METHODS  AND 
CONDITIONS 

.Figure  1  shows  a  schematic  view  of  the  experimental 
apparatus  used  in  the  present  study.  The  working  fluid  was 
water  driven  by  the  head  difference  between  the  constant  head 
tank  1  and  the  outlet  of  the  test  section  9.  The  flow  coming 
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FIG.1  EXPERIMENTAL  APPARATUS. 


FIG.2  TEST  SECTION. 

into  the  test  section  4  from  the  contraction  3  serves  as  a 
crossflow  for  an  impinging  jet.  A  circular  impinging  jet  nozzle 
1 1  was  mounted  flush  with  the  bottom  plate  of  the  test  section. 

Dimensions  of  the  test  section  are  illustrated  in  Fig.  2 
together  with  some  geometric  parameters,  the  jet  nozzle 
arrangement  and  the  coordinate  system  to  be  used  in  the 
present  study.  The  origin  of  the  coordinate  system  is  located  at 
the  center  of  the  open  end  of  the  jet  nozzle,  and  x,  y  and  z  are, 
respectively,  the  streamwise,  normal  and  span  wise  coordinates. 
The  jet  discharged  from  the  nozzle  impinges  obliquely  onto  the 
ceiling  of  the  test  section.  The  direction  of  the  jet  is 
characterized  by  two  angles;  one  is  the  pitch  angle  4>  raised 
from  the  floor  of  the  test  section  and  the  other  the  skew  angle 
6  measured  in  a  horizontal  plane  from  the  streamwise 
coordinate  axis,  x.  4>  and  8  were  fixed  at  45  degrees  and  90 
degrees,  respectively,  in  the  present  experiments.  The  nozzle 
center  is  located  offset  from  the  center  line  of  the  channel  floor 
so  as  to  give  more  space  in  a  cross-section  on  the  jet-directed 
side. 

The  duct  was  432mm  wide  and  30mm  high,  and  its  aspect 
ratio  was  14.4.  The  jet  nozzle  diameter  was  6mm.  Thus,  the 
channel  space  is  five  times  the  nozzle  diameter,  which  is 
normally  regarded  to  be  optimum  in  the  gas  turbine  vane 


cooling  practice  with  perpendicularly  impinging  jets  [Sparrow, 
et  al.,  1975].  The  developing  section,  2.2m  long,  provided  36 
hydraulic  diameters  for  the  flow  to  develop.  The  channel 
Reynolds  number  was  kept  constant  equal  to  5,000  and  the  jet 
to  crossflow  velocity  ratio,  VR,  was  changed  in  three  steps,  i.e. 
3,  5  and  7. 

As  has  been  reported  previously  [Nakabe,  et  al.,  1996], 
flow  visualization  was  first  made  to  establish  a  general  picture 
of  the  flow  patterns  to  be  formed  in  the  channel  and  to  see  if 
longitudinal  vortices  can  be  generated.  For  this  purpose, 
particle  tracking  velocimetry  was  applied  to  the  sequent 
photographs  taken  by  a  CCD  video  camera  mounted  so  as  to 
view  the  test  section  from  the  downstream  end  of  the  channel. 
Secondary  flow  velocity  vector  distributions  were  constructed 
at  several  streamwise  locations  different  in  the  distance  from 
the  nozzle.  This  part  of  the  study  was  carried  out  for  the  cases 
at  a  reduced  crossflow  velocity  but  at  the  above  mentioned 
values  of  VR.  Some  of  the  obtained  results  will  be  cited  in  the 
following  discussions. 

Quantitative  flow  and  turbulence  measurements  were  made 
in  more  detail  in  the  present  study  with  a  two-color, 
three-beam  fiber  laser  Doppler  velocimeter.  1.5W  An-  laser 
was  used  as  a  beam  source.  In  the  adopted  back-scatter  type 
LDV  optical  system,  a  measuring  control  volume  was  set  to  be 
of  the  size  of  1 1 5  ft  m  in  diameter  and  1 ,44mm  in  length.  The 
scattered  beam  signals  detected  by  photomultipliers  were 
converted  to  velocity  signals  by  making  use  of  a  DISA 
phase-locked  loop  frequency  tracker  system.  Bragg-cell  was 
used  to  give  frequency  shift  in  order  to  make  the  measurement 
of  backward  flow  velocity.  Frequency  shift  down  to  obtain 
actual  velocity  was  done  electronically  in  signal  processing. 

In  addition  to  these  flow  measurements,  heat  transfer 
experiments  were  also  made.  The  channel  ceiling  was  used  as 
the  jet  target  plate  or  as  the  heat  transfer  surface  and  its 
surface  was  almost  entirely  covered  by  smoothly  glued  thin 
stainless  steel  strips  of  5cm  wide  and  20  u  m  thick.  These 
were  heated  by  passing  alternating  electric  current.  The 
surface  temperature  of  the  jet  target  plate  was  measured  by 
making  use  of  thermochromic  liquid  crystal.  Photographs  of 
the  colored  liquid  crystal  sheets  sandwiched  between  the 
channel  ceiling  surface  and  stainless  steel  strips  were  taken 
from  the  outside  with  a  CCD  camera  and  the  color  images  of 
the  liquid  crystal  sheets  were  stored  in  the  color  frame  buffer 
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memory  of  an  engineering  workstation.  Hierarchy  neural 
network  [Kimura,  1992]  was  applied  to  convert  the  color 
images  to  temperature  distribution.  This  method  is  much 
superior,  both  in  the  spatial  resolution  and  in  the  surface  area 
to  be  covered,  to  the  previous  one  in  which  the  surface 
temperature  was  measured  with  many  thermocouples  allocated 
to  contact  with  the  back  surface  of  the  heated  stainless  steel 
strips  [Nakabe,  et  aL,  1996  and  Acton,  et  al.,  1997],  Detail  of 
the  method  will  be  reported  elsewhere,  but  the  inaccuracy 
(standard  deviation)  of  the  method  was  0.1 8K  at  most  over 
such  a  wide  range  of  temperature  from  26.5°C  to  43.5°C. 

The  heat  transfer  coefficient  a  and  Nusselt  number  Nu 
based  on  hydraulic  diameter  are  defined  as  follows: 


Nu 


a(2 Hd) 


gw 

(Tw  -  To,) 


(1) 


Tw  and  Tin  are,  respectively,  the  local  heat  transfer  surface 
temperature  and  the  inlet  flow  temperature.  A  and  HD  are  the 
thermal  conductivity  of  water  and  the  height  of  the  test  section, 
respectively.  The  wall  heat  flux  qw  was  calculated  from  the 
electric  power  input  as  mentioned  above.  Heat  conduction  loss 
from  the  heat  transfer  surface  toward  the  back  side  of  the  target 
plate  was  evaluated  to  be  less  than  3%  of  the  total  heat  flux  so 


that  it  was  neglected.  Radiative  heat  loss  from  the  heat 
transfer  surface  was  neglected  as  well. 

RESULTS  AND  DISCUSSION 
Nusselt  Number  Distributions 

Figure  3  shows  examples  of  the  contours  of  the  local 
Nusselt  number  measured  on  the  whole  area  ranging  from  x/d 
=  -5  to  45  and  from  z/d=  -10  to  20  for  the  cases  of  (a)  VR  =  3 
and  (b)  VR  =  5  at  the  crossflow  Reynolds  number,  Re  =  5,000. 
Here,  d  is  the  jet  nozzie  diameter.  It  can  be  seen  in  Fig.  3(a) 
that  the  conspicuously  enhanced  region  of  heat  transfer, 
defined  as  the  region  where  the  Nusselt  number  takes  a  value 
larger  than  one  hundred,  lies  almost  parallel  to  the  x-axis.  The 
maximum  Nusselt  number  is  found  to  appear  at  a  position 
around  (x/d,  z/d)  =  (9.0, 4.0).  It  indicates  that  the  jet  stagnation 
point  is  shifted  downstream  affected  by  the  crossflow  and  off 
the  centerline  due  to  the  oblique  impingement  of  the  jet 

For  a  higher  VR  value  case  shown  in  Fig.  3(b),  the 
conspicuously  enhanced  region  of  heat  transfer  expands  in 
spanwise  direction  and  covers  the  region  ranging  from  a  bit 
below  the  centerline  of  the  test  section,  z/d  =  -0.9  to  z/d  =  13. 
The  peak  position  of  local  Nusselt  number  is  shifted  back 
toward  upstream  to  a  position  around  (x/d,  z/d)  =  (6.0,  4.0),  if 
compared  with  the  counter  part  of  the  lower  VR  value  case. 


Nu 
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although  its  spanwise  position  was  scarcely  changed.  This  may 
reflect  the  decrease  of  the  streamwise  position  shift  of  the  jet 
stagnation  point  downstream  from  x/d  =  0  with  an  increase  of 
VR  value. 

Although  the  supporting  figures  for  the  case  of  VR  =  7  are 
omitted  here  to  save  space,  further  spatial  expansion  of  the 
conspicuously  enhanced  region  of  heat  transfer  and  increase  of 
peak  Nusselt  number  was  confirmed  to  occur  with  a  further 
increase  of  the  VR  value. 


Velocity  Distributions 

Figure  4  shows  an  example  of  the  contours  of  the 
time-averaged  y-direction  velocity,  V,  measured  in  the  middle 
plane  between  the  ceiling  and  floor  of  the  test  section  for  an 
experimental  condition  corresponding  to  the  one  of  Fig.  3(b), 
i.e.  the  case  of  VR  =  5  and  at  Re  =5,000.  The  dark  gray  and 
black  parts  in  the  figure  represent  an  upwash  flow  or  a  flow 
toward  the  target  plate,  while  the  light  gray  and  white  parts 
represent  a  downwash  flow  or  a  flow  toward  the 
nozzle-installed  floor  of  the  test  section.  As  seen  in  this  figure, 
both  of  upwash  and  downwash  flows  appear  both  in  the  one 
half  and  another  half  of  the  illustrated  area  of  the  middle 
plane.  Therefore,  it  obviously  reveals  that  a  pair  of  long 
longitudinal  vortices  are  generated  in  the  test  section. 

The  distribution  of  RMS  turbulence  intensity  of  y-direction 
fluctuating  velocity,  V,  in  the  middle  plane  between  the  ceiling 
and  floor  of  the  test  section  is  also  shown  in  Fig.  4.  High 
turbulence  intensity  region  observed  in  the  figure  corresponds 
to  the  upwash  flow  region  induced  by  the  inclined  jet  or  in 
between  a  pair  of  counter  rotating  vortices.  This  high  intensity 
turbulence  may  affect  the  time-averaged  velocity  field  and  as  a 
consequence  affect  the  enhancement  pattern  of  target  plate  heat 
transfer. 

Relation  between  flow  field  characteristics  and  heat 
transfer  enhancement  from  the  target  plate 

Figure  5  shows  the  spanwise  distributions  of  Nusselt 
number  obtained  at  x/d  =  20  for  three  values  of  VR  in 
comparison  with  the  secondary  flow  velocity  vector  map  for 
each  corresponding  case  of  different  value  of  VR.  All  velocity 
maps  were  drawn  as  mentioned  before  based  on  the 
photographs  taken  from  the  downstream  end  of  the  test  section 
and,  therefore,  show  upstream  view  of  the  secondary  flow  in 
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FIG. 4  V  AND  V'  CONTOURS  (y/d  =  2.5,  VR  =  5  AND 
Re  =  5,000). 

the  cross-section.  A  longitudinal  vortex  with  anti-clockwise 
rotation  is  situated  at  an  almost  same  position  around  z/d  =  0 
in  all  the  cases.  This  may  have  the  same  origin  as  the  one 
previously  pointed  out  by  Johnston  and  Nishi  [1990]  near  the 
nozzle-installed  channel  floor  of  the  test  section  having  larger 
y-direction  space.  In  addition  to  this,  another  vortex  having  the 
clockwise  rotation  is  clearly  observed  around  z/d  =  10  for  the 
case  of  VR  =5  and  around  z/d  =  7  for  the  case  VR  =  7.  Its 
position  moves  away  from  the  nozzle  position  in  z-direction  as 
the  VR  value  is  increased.  This  vortex  induces  strong 
spanwise  velocity  sweeping  the  ceiling  surface  of  the  test 
section. 

The  spanwise  position  of  the  peak  Nusselt  number, 
noticeably  observed  in  the  case  of  VR  =  3,  is  located  around 
z/d  =  0  where  as  discussed  just  above  corresponds  to  the  region 
of  upwash  flow  induced  by  the  anti-clockwise  vortex.  This 
upwash  flow  supplies  fresh  fluid  or  cooler  fluid  near  the  target 
plate  and  enhances  the  heat  transfer  from  the  target  plate. 
Studying  the  peak  position  of  Nusselt  number  in  a  little  more 
detailed  manner,  it  is  found  to  move  a  little  toward  the  right 
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. . i _ 77777 _ t  part  of  the  Nu  distribution  corresponds  to  the 

'Jj)},  i  i :  ‘  I:::;:::;::;  ~  ‘  region  where  flow  sweeping  the  target  plate  surface 

■  . ' . ■'  appears  accompanied  with  the  generation  of  the 

(a)  VR  =  3  clockwise  vortex. 

— - 1  -  i  —  —t— .  Figure  6  shows  the  contours  of  the 

y~*  \  \  ■  -  stream  wise  time-averaged  velocity,  U,  for  the  three 

. iiln ■  1 1  v ' » •  •  j  cases  of  VR  =  3,5  and  7.  In  the  case  of  VR  =  3,  a 

SR  =  5  small  low  velocity  region  appears  near  the  channel 

_ T _ _ _ , _  ceiling  just  on  the  left  side  of  z/d  =  0.  The  low 

velocity  region  expands  wider  as  the  value  of  VR  is 

— '■ - 11— ■  'f’r'r't  I  increased.  The  lower  stream  wise  velocity  in  this 

10 

z/d  region  is  caused  by  the  jet  itself.  It  acts  like  a  fence 

R  —  7 

to  the  approaching  flow  and  velocity  defect 
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(b)  VR  =  5 


(c)  VR  =  7 


FIG.SNu  CONTOURS  AND  VELOCITY  VECTOR  DISTRIBUTIONS  duced  ^  its  wake  lasts  over  a  j  ^ 
(x/d  =  20,  VR  =  5  AND  Re  -  5,000). 

Similar  velocity  deficit  accompanying  the 
discharged  jet  was  also  observed  by  Compton  and 
Johnston  [1 992].  Slight  movement  of  the  peak  Nusselt  number 
position  with  an  increase  in  the  VR  value  pointed  out  in  the 
above  may  be  related  with  this  expansion  of  the  low  velocity 
region  with  an  increase  in  VR.  Low  streamwise  velocity  near 

(a)  VR  =  3  the  heat  transfer  surface  suppresses  the  wall  heat  transfer. 

Then,  the  left  side  of  the  peak  of  Nusselt  number  distribution 
becomes  a  little  lower  so  that  the  peak  Nusselt  number 
position  looks  apparently  moving  in  the  right  hand  direction. 

(b)  VR  =  5  More  important  point  observed  in  this  figure  is  that  high 

1  streamwise  velocity  region  exists  just  on  the  left  side  of  the 

clockwise  longitudinal  vortex.  This  high  velocity  region 

extends  very  near  the  channel  ceiling  so  that  this  should  be 

5,0  •*  ^  related  to  the  increase  of  Nu  on  the  right  side  of  its  peak;  less 

180  (mm/s)  “d 

(c)  VR  =  7  steeP  slope  on  the  right  side  of  the  peak  Nu  in  the  case  of  VR  = 

^  _  ;  ;  90  5  and  the  plateau-like  shape  of  Nu  distribution  in  the  case  of 

VR  =7.  Strong  spanwise  flow  observed  near  the  top  wall  in  Fig. 
5(c)  sweeps  the  top  wall  with  this  high  streamwise  velocity. 
This  should  be  the  main  cause  of  the  heat  transfer 
FIG.6  U  CONTOURS  (x/d  =  20,  VR  =  5  AND  Re  =  5,000).  enhancement  on  the  right  hand  side  region  of  the  peak  Nusselt 

number. 


(b)  VR  =  5 
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(c)  VR  =  7 
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(b)  V 


other  having  clockwise  rotation  moving  away  from  the  nozzle 
position  in  the  z-direction  with  an  increase  in  VR. 

2.  Heat  transfer  enhancement  can  be  attained  over  wider 
spanwise  region  when  the  VR  value  is  increased.  This 
expansion  of  the  high  Nusselt  number  region  is  caused  by  the 
high  streamwise  velocity  flow'  spanwisely  sweeping  the  target 


(c)W 


plate,  which  is  produced  by  the  clockwisely  rotating  vortex. 

3.  The  peak  Nusselt  number  appears  around  z/d  =  0  constantly, 
regardless  of  the  VR  value.  This  is  caused  by  the  upwash 
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FIG.  7 CONTOURS  OF  TURBULENCE  COMPONENTS 


region  supplying  fresh  fluid  near  the  target  plate  surface. 
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ABSTRACT 

A  numerical  simulation  using  a  large-eddy  simulation 
technique  and  a  physical  simulation  using  a  large  wind 
tunnel  model  have  been  conducted  for  flow  over  a  real 
topography.  The  region  modeled  is  the  neighborhood  of  a 
planned  site  for  a  commuter  airport  in  a  mountainous  region 
with  mild  ridges  and  valleys  with  moderate  vegetation.  Both 
models  cover  the  area  of  about  3.5km  by  2.0km  around  the 
proposed  runway  strip  of  length  1.2 km.  On-site  field 
measurements  of  mean  wind  profiles  were  also  conducted  to 
provide  basis  for  the  simulation.  Simulations  were  for 
neutral  stratification  and  the  mean  velocity  and  turbulent 
stresses  were  obtained  by  both  methods  and  detailed 
comparisons  arc  made.  Particular  emphasis  is  placed  on  the 
effects  of  spatial  resolution  of  the  numerical  model  on  the 
simulation  results,  and  numerical  simulations  using  different 
grid  size  are  performed.  A  systematic  way  of  modeling  the 
effects  of  unresolved  small-scale  geometry  is  proposed. 

INTRODUCTION 

Although  much  progress  is  being  made  in  developing  . 
large-eddy  simulation  tcchniques(LES)  to  compute  turbulent 
flows  of  various  kinds,  its  application  to  real  (lows  in 
natural  environment  is  not  easy  or  straight-foruardlcg. 
Mason.  1994.  >  Other  than  the  fact  that  the  boundaries  are 
three  dimensional  and  complex,  small-scale  irregularities  and 
details  of  ground  cover  such  as  vegetation  cannot  be 
represented  by  the  coordinate  system  and  the  numerical  grid 
that  can  be  implemented  on  the  presently  available 
computers.  Boundaries  with  uniform  irregularities  may  be 
considered  rough  boundary.  In  such  a  ease  simple  methods 
based  on  the  Reynolds-averaged  equations  arc  extended  with 
modifications  to  the  mixing-length  due  to  arbitrary 
rouglmcsstcg.  Granville,  1985).  Also  low-Rcynolds-numbcr 
models  for  two-equation  turbulence  models  have  been 
adapted  to  rough  boundaries! Wilcox,  1993  and  Zang.1996). 
These  generalized  roughness  models  have  not  been  validated 
and  its  general  applicability  to  complex  natural  topography 
is  doubted.  Furthermore,  terrain  with  tail-tree  canopies 


cannot  only  be  represented  exactly  nor  is  it  practical  and 
rough  boundary  and  tree  canopy  need  to  be  modeled  in  the 
equations  (eg.  Wilson  and  Shaw(l977),  Yamada(l9S2).)  A 
modeling  of  atmosphere-vegetation  interface  lias  been  tried 
using  a  large-eddy  simulation  method  by  Hino  ct  al.(  1 992). 
We  try  to  approach  this  rough  and  complex  boundary 
problem  as  a  numerical  resolution  problem  due  to  filtering 
effects  by  insufficient  grid  resolution  and  formulate  more 
systematically.  We  make  use  of  the  volume  fraction 
technique  and  start  with  the  basic  equations  of  motion  that 
arc  applicable  for  porous  How  region.  This  method  requires 
the  definition  and  information  on  the  volume  and  area 
porosities  of  the  medium  but  it  can  describe  complex  and 
porous  boundaries  without  explicitly  specifying  the  position 
of  the  boundary.  Furthermore,  insufficient  numerical  grid 
resolution  to  represent  small  irregularities  of  the  boundary 
can  be  treated  as  a  smoothing  or  spatial  filtering  of  these 
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Fig.  I  Map  of  the  region  to  be  modeled. 
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field  quantities,  porosities.  For  the  present  work,  wc  use  a 
low-order  representation  in  rectangular  grid,  but  consideration 
to  use  higher-order  method  which  improves  boundary 
representation  is  made. 

TOPOGRAPHY  TO  BE  MODELED 

Present  simulation  was  performed  as  a  part  of  evaluation 
of  the  environmental  effects  of  alteration  of  a  natural 
topography  by  a  construction  of  an  airstrip  in  the  middle  of 
a  mountainous  region.  Much  efforts  were  spent  in  the 
development  of  the  method  of  computing  the  turbulent  wind 
field  and  the  present  paper  is  a  summary  of  the  basic  part 
of  this  study.  Fig.  I  is  the  map  of  the  local  area  to  be 
studied.  The  area  is  50  to  200/;;  above  sea  level  and  the 
narrow  strip  near  the  left  edge  of  the  map  is  the  runway  at 
175;;;  above  sea  level.  Within  about  ISA;;;  to  the  north 
there  arc  few  ridges  of  about  300  to  400;;;  that  create  some 
wake  effects.  For  the  purpose  of  computation  wc  take 
positive  .v  direction  to  be  southward  along  the  runway,  y 
direction  eastward  from  the  reference  position  on  the 
centerline  of  the  runway  as  shown  in  the  map.  z  direction 
vertically  up  from  the  sea  level.  The  field  measurement  of 
the  vertical  wind  profile  by  a  pibal  tracing  indicated  it  is 
close  to  the  l/4th  power  law. 


(a)  Wind  tunnel  model 


(b)  Numerical  representation 


WIND  TUNNEL  SIMULATION 

The  wind  tunnel  used  is  a  2.5;;;  by  2.0;;;  by  12;;;  blower- 
type  environmental  low-speed  wind-tunnel.  The  wind  tunnel 
model  as  shown  in  Fig.2  has  been  constructed.  It  is  an 
undistorted  1/000  scale  model  and  was  generated  from  the 
loot)  map  of  the  region  and  covers  the  area  of  3.5  km  by 
2.0  km  and  the  vertical  distance  of  1.5  km.  The  terrain 
contours  were  modeled  with  accuracy  of  I //;  and  the 
irregularities  smaller  than  this  scale  and  the  roughness  due 
to  ground  surface  and  vegetation  were  modeled  by  sand 
paper,  fabrics  and  sponges.  The  approach  flow  was 
generated  by  spires  and  block  roughness  laid  in  the  upstream 
X;;;  stretch  of  the  lest  section.  The  generated  vertical  wind 
profile  was  matched  the  measured  vertical  wind  profile  at  the 
upstream  etui  of  the  modeled  area.  Mapping  of  the  three 
dimensional  flow  was  obtained  using  a  triple-sensor  hot-wire 
probe  and  detailed  measurements  near  ground  were  obtained 
by  an  X-wirc  probe  for  several  approach-flow  directions  for 
a  fixed  approach-flow  speed  of  l();;;/.v. 


NUMERICAL  SIMULATION  USING  LES  TECHNIQUE 
LES  Equations  for  Complex  Boundary 

Wc  represent  the  complex  boundaries  including  porous 
objects  such  as  trees  using  the  volume  fraction  method  of 
Hint  ll>‘>3).  For  the  purpose  of  deriving  governing  equations 
we  use  the  suffix  notation  so  that  coordinates  (v(a..v,) 
correspond  to  (v.r.r)  and  the  velocity  components 
to  (t/.r.w).  If  the  volume  fraction  occupied  by  fluid,  or  the 
volume  porosity  of  the  flow  region  at  point  (.y,„v>v»)  is  4>. 
and  if  the  fraction  of  area,  or  the  area  porosity  in  a  cross 
section  perpendicular  to  the  .v,  direction  is  ,4,,  the  equation 
of  fluid  motion  following  the  FAVOR  mcthod(Hirt,  1992)  is 


.  m  .  ni 
d>p — 1  *  p,4,  ,/; — 1 
Pi  1,1  '  ex 


I  I y>  P  ;  - 

-4>—L  * _ 4,  T 

ex  r.v 


(I) 


w  here  t  =tt  (Pu /Px  *Pn/Px)  is  the  viscous  stress  and  the 
tilde  ~  denotes  the  instantaneous  and  local  value.  The 
indexes  in  parentheses  do  not  follow  the  usual  summation 
convention  and  is  not  summed.  The  continuity  equation  is 


Fig.2  Wind  tunnel  and  numerical  models. 


Px, 


(2) 


Here  ;/  =. 4(i|m  is  the  volume  flux  through  the  cross  section 
perpendicular  to  the  .v,  direction.  The  location  of  the 
boundary  is  determined  by  the  values  of  c)>  and  A ,  and  is  the 
surface  enclosing  the  region  <|>>0. 

In  order  to  obtain  the  LES  equations,  we  lake  the  spacial 
average  of  the  above  equations.  If  wc  use  <  >  to  denote 


the  spacial  average  and  to  denote  the  deviation  from  this 
average,  i.c.  the  subgrid  fluctuation,  the  averaged  continuity 
equation  is 


JL<ai:i><„>  =  ~4_<.4,» 

(  V  <  X, 


(3) 


and  the  average  of  the  momentum  equations  arc 


r<;/>  (’<;;> 

<(!;> _ 1_  +  <A  ><;;> _ 1_ 

Pi  ‘  Ox 

/ 

_  «b>  r</;>  _/<)>’  P/>  \ 

p  r?.v  \  p  r.v  / 


(4) 
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where 


R„  =  -(<«,<?>  - <">«?,>) 

-  (<"><)  -  ("/<<?>)  -  <»/?/>  (5) 

.  -(<A <,>"/><",>)  -  (<4/, ~ 

is  the  Reynolds  stress  due  to  subgrid  fluctuations.  We 
notice  that  both  continuity  and  momentum  equations  and 
even  the  Reynolds  stresses  contain  correlations  involving  the 
spacial  variations  of  the  geometric  parameters  ij>  and  A,  and 
the  flow  quantities.  These  correlation  terms  need  to  be 
modeled. 


Modeling  of  Subqrid  Correlation  Terms 


First  we  notice  that  the  present  Reynolds  stress  is  an 
effective  momentum  flux  through  porous  section,  we  use  the 
usual  eddy-viscosity  model  with  the  factor  of  A,„  to  take  into 
account  the  porosity.  So,  we  write 

/  \ 


R,  =  A. 


-lkc  5 

3  C  t| 


vr(- 


a<u  >  d<u  > 

-) 


dx 


dx 


(6) 


where  kc  is  the  turbulent  kinetic  energy  of  the  subgrid-scale 
motion  Afi=3/2<u‘lu’1>  and  vT  is  the  eddy  viscosity  due  to 
subgrid  turbulence,  for  which  we  apply  the  Smagorinsky 
model. 
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A,,  A,  and  A,  arc  the  grid  size  in  ,v„  .v,  and  .v,  directions 
respectively.  Length  scale  like  mixing  length  is  reduced  by 
roughness  'and  it  is  probable  that  the  length  scale  A  may 
have  to  be  modified  for  the  region  very  close  to  ground  but 
we  avoided  to  make  special  allowance. 

For  the  correlation  between  the  porosity  and  the  pressure 
gradient,  we  follow  Wilson  and  Shaw(l977)  and  use  the 
formula  for  a  form  drag  due  to  rough  obstacles. 


(8) 


where  C,,  is  a  model  constant  and  is  the  drag  coefficient  for 
the  boundary  which  is  regarded  more  like  resistance,  f[:)  is 
a  kind  of  damping  function  and  in  the  present  work  we  used 


./(--)  «  C,c 


(9) 


The  correlation  involving  the  viscous  stress  and  the 
boundary  surface,  we  ignored  it  in  the  present  work.  Also 
the  correlation  between  the  volume  porosity  and  the  velocity, 
that  appears  in  the  continuity,  is  ignored. 


Numerical  Method 

Although  the  present  equations  of  motion,  Eqs.(3)  and(4) 
for  the  filtered  quantities  are  somewhat  different  from  the 
conventional  ones  with  clear  boundary,  we  can  adapt 
conventional  numerical  techniques.  We  used  a  method  based 
on  HSMAC  iteration  method  for  pressure.  The  convergence 
is  now  to  make  the  divergence  of  the  flux  vector  q  zero  in 
stead  of  the  actual  velocity.  The  basic  method  itself  has 
been  verified  for  flows  over  simpler  gcomctry(Noda  and 
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Fig.3  Low-order  representation  of  topography  using  two 
different  grids. 


Fig-4  Typical  computed  instantaneous  velocity  distribution 
in  a  vertical  cross  section. 

Nakayama,  1996).  Rectangular  mesh  of  variable  interval  was 
used.  Boundary  conditions  are  applied  at  the  grid  points 
where  <J>  becomes  zero,  which  in  the  rectangular  mesh,  are 
made  up  of  straight  lines  and  is  considered  to  be  a 
smoothing  of  the  original  shape. 

As  to  the  computational  grid  and  determinatin  of  the 
geometric  quantities  and  A„  1/500  terrain  map  of  the 
region  was  used.  The  geometry  thus  determined  is  shown 
in  Fig.  I  and  a  cross  section  is  shown  in  Fig.3(a).  (J>  for  the 
actual  computational  grids  were  calculated  from  these. 

For  the  present  calculation.  (j>  has  been  determined  from 
the  map  but  A,  wa  set  either  equal  to  0  or  1.  A  typical 
velocity  distribution  of  the  instantaneous  filtered  velocity 
vector  in  a  vertical  plane  as  computed  by  the  present  model 
is  shown  in  Fig.4. 

RESULTS  OF  NUMERICAL  SIMULATION  AND 
COMPARISON  WITH  WIND  TUNNEL  SIMULATION 

Numerical  computation  was  carried  out  using  two  grids 
generated  from  the  same  numerical  database  of  the  area. 
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Fig.5  Mean-velocity  results. 


shown  in  Fig.2.  filtering  with  different  spacial  resolution  for 
the  case  when  the  general  wind  is  from  north  to  south.  The 
mean  wind  profile  at  the  upstream  end  was  assumed  to  take 
the  power  law  as  measured  by  the  011-sitc  survey.  Random 
fluctuations  with  prescribed  shear  correlation  superposed  on 
this  mean  velocities.  Turbulence  were  inputed  upstream  of 
the  settling  section  placed  upstream  of  the  modeled  region. 

In  the  presentation  of  the  results,  we  use  the  usual  notation 
of  overbars  ~  for  time  averages  and  the  upper  case  letters 
for  the  time  mean  velocities  so  that  U  =  <iF>  and 
/=<;;,>  etc.,  and  the  lower  case  letters  for  fluctuations 


from  the  time  mean.  i/=n|-<i;|>  .  Fig.5  shows  the  mean- 
velocity  results  of  the  computations  using  two  grids  and  the 
experimental  results  at  the  elevations  of  r=195//;  and  275;;/. 
The  first  one  is  20;;;  from  the  runway  surface  and  there  are 
places  that  arc  very  close  to  the  ground.  The  second  plane 
is  at  100;;;  above  runway  and  is  higher  than  the  location  of 
the  highest  turbulence  intensity.  The  velocity  components  in 
the  horizontal  plane  arc  shown  as  vectors  and  the  vertical 
component  is  indicated  by  the  contours.  Generally  good 
agreement  is  seen  for  both  grid  results.  The  computed  mean 
velocity  more  variations  in  the  flow  direction  flow  and  areas 
of  very  low  velocity  than  the  wind-tunnel  results.  This  may 
be  due  to  too  large  drag  coefficient  for  the  pressure-porosity 
correlation. 
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Fig.6  Turbulent-euergy  results. 


Fine  grid  results 


Fig.6  shows  the  turbulence  kinetic  energy  from  the 
computations  and  the  experiment.  The  computation  docs  not 
include  the  subgrid  fluctuation  kc  and  appears  smaller  than 
measured.  The  trend  implied  by  the  computation  is  in 
agreement  with  experiment  except  the  experimental  results  of 
turbulence  intensity  at  both  ends  arc  high.  This  is  thought 
to  be  the  effects  of  the  side-wall  boundary  layer  that  existed 
in  the  wind  tunnel.  Also  the  computational  results  at  higher 
elevation  is  not  as  good  as  near  the  ground.  Contours  of 
constant  shear  stress  in  the  vertical  plane  along  the  runway 
centerline  is  shown  in  Fig.7.  The  shear  fo  both  signs  are 
seen  and  flow  is  not  as  simple  as  those  on  flatter  terrain. 
The  overall  indications  arc  that  the  computations  made  here 
give  good  results  for  the  mean  velocity  and  qualitatively 
satisfactory  results  for  the  turbulence. 


CONCLUSIONS 

A  Large-eddy  simulation  method  was  applied  to  compute 
the  flow  over  a  complex  topography  with  particular  emphasis 
on  the  effects  of  smoothing  of  the  boundary.  Using  the 
volume  fraction  method  developed  for  porous  flow,  basic 
LES  equations  were  derived  for  complex  boundaries  of 
which  small-scale  irregularities  are  nor  represented.  This 
formulation  models  the  effects  of  smoothing  of  the  boundary 
irregularities  due  to  finite-numerical  resolution.  The 
numerical  calculation  results  are  compared  with  more 
conventional  wind-tunnel  measurements.  They  compare 
favorably  at  least  qualitatively  and  the  computational  model 
appears  plausible,  but  details  are  not  only  grid-density 
dependent  but  also  disagree  with  the  measurements  and  more 


19-23 


refinement  is  needed.  For  better  definition  of  the  boundary 
shape  and  roughness,  the  volume  and  area  porosities  need  to 
be  defined  at  much  smaller  scales  than  the  grid  scale.  For 
general  improvement  of  the  model,  the  correlations  between 
the  geometric  parameters  and  flow  quantities  will  have  to  be 
validated  with  some  banch-mark  test  cases  in  idealized 
situations. 
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Abstract 

This  work  investigates  the  flow  near  expanded  metal  screens  oriented  parallel  to  the  flow,  friction 
screens,  with  flow  visualization  and  hotwire  anemometry.  A  preliminary  identification  of  a  coherent 
structure  has  been  made  with  flow  visualization  and  hotwire  measurements.  A  friction  screen  acts 
as  a  series  of  wake  generators,  and  horseshoe-like  vortices  are  shed.  The  vortices  interact  thus 
creating  a  low-speed  layer  between  the  screen  and  the  undisturbed  fluid. 


1  Introduction 

In  pulverized  coal-fired  utility  boilers  the  replace¬ 
ment  of  eroded  convection  tube  surfaces  and  other 
metal  surfaces  results  in  expensive  regular  main¬ 
tenance  costs  and  lost  production  time.  The  fly 
ash  generated  in  the  combustion  zone  flows  with 
the  hot  gases  through  the  boiler  then  contacts  and 
erodes  tube  and  other  metal  surfaces.  Due  to  the 
boiler  geometry,  flows  with  skewed  velocity  dis¬ 
tributions  develop  and  lead  to  high  velocities  and 
channeling  in  different  sections  of  the  boiler.  This 
channeled  flow  contains  a  higher  concentration  of 
the  fly  ash  leading  to  erosion  problems  in  those 
areas.  Local  erosion  protection  and  flue  gas  flow 
modification  are  the  two  basic  approaches  that 
have  been  taken  to  control  fly  ash  erosion  (Kratina 
and  McMillan  [3]). 

Erosion  shields  are  one  of  the  most  commonly 
used  local  erosion  protection  methods  and  act  only 
to  protect  a  surface  without  modifying  the  erosion 
conditions.  Erosion  shields  are  sacrificial  surfaces 
and  must  be  replaced  regularly.  Typically,  screens 
Eire  used  to  modify  fluid  flow  and  ash  concentra¬ 
tion,  i.e.,  modify  the  main  erosion  factors,  by  cre¬ 
ating  or  eliminating  large  scale  velocity  or  pressure 
non-uniformities  and  for  the  production  or  for  the 
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reduction  of  turbulence.  Expanded  metal  screens 
are  of  two  basic  types  depending  on  their  orienta¬ 
tion  to  the  flow  and  placement.  Friction  screens 
are  expanded  metal  screens  oriented  parallel  to  the 
flow  and  are  typically  located  between  superheater 
tube  banks  and  the  rear  water  wall. 


Extensive  work  has  examined  flow  through 
simple  uniform  square  screens  in  wind  tunnels, 
e.g.,  Batchelor  [1],  Naudascher  and  Farell  [4]  and 
reviewed  recently  by  Idelchik  [2],  but  this  work  has 
limited  application  to  the  complex  screen  types 
used  in  boilers.  A  numerical  model  of  turbulent 
flow  through  expanded  metal  screens  has  been  de¬ 
veloped  (Oshinowo,  Kuhn  and  Charles  [5,  6])  that 
compares  well  with  corresponding  experimental 
wind  tunnel  results  with  some  weakness  in  pre¬ 
dicting  secondary  flows  at  the  wall.  The  model 
proved  to  be  effective  at  predicting  general  flow 
features  modified  by  the  screens.  No  experimen¬ 
tal  work  on  flow  around  friction  screens  has  been 
presented  in  the  literature. 
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3  Results 


2  Experimental  Methods 

2.1  Flow  Visualization 

Initial  flow  visualization  experiments  have  been 
performed  in  a  horizontal  glass- walled  water  flume 
235mm  wide.  The  depth  of  flow  was  controlled  to 
keep  the  aspect  ratio  of  flow  well  above  unity  in 
all  the  runs.  Reynolds  numbers  ranging  from  1360 
through  5970  (based  on  hydraulic  radius)  were  in¬ 
vestigated.  Honeycomb  flow  straighteners  were  lo¬ 
cated  at  the  entrance  of  the  flume.  Dramex  carbon 
steel  expanded  screens  of  various  sizes  and  solid¬ 
ity  were  used  in  the  study.  Detailed  dimensions  of 
the  screens  for  the  flow  visualization  and  hotwire 
measurements  are  shown  in  table  1,  refer  to  figure 
1  for  the  notation  used. 


LWD 


Figure  1:  Schematic  of  a  screen  cell,  from 
Dramex  catalog. 
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layer).  The  orientation  of  the  screen  was  such  that 
the  direction  of  its  expansion  was  the  same  as  the 
flow. 

The  dye  (both  food  coloring  and  fluoroscein) 
was  injected  at  a  junction  of  two  individual  screen 
cells  (where  the  flow  was  stagnant,  figure  2B)  and 
at  a  number  of  different  locations  on  the  screen 
(downstream  direction).  The  images  were  video¬ 
taped  with  a  CCD  camera  for  later  analysis. 

2.2  Hotwire  Measurements 

The  experiments  for  quantitative  investigation  of 
flow  around  the  expanded  screen  were  carried  out 
in  a  low  turbulence  (  jj  <C  0.05%),  recirculating 
wind  tunnel.  The  tunnel  has  a  test  section  4.5m 
long  (streamwise  x-axis)  and  a  cross-section  of 
0.91m  (spanwise  y-axis)  by  1.52m  (vertical  z-axis) 
with  a  maximum  velocity  of  15m/s.  The  screen 
was  mounted  horizontally  in  the  centre  plane  of 
the  tunnel  with  its  expansion  in  the  same  direc¬ 
tion  as  that  of  the  flow.  The  origin  of  the  Carte¬ 
sian  coordinate  system  is  at  the  leading  edge  of 
the  first  cell  (of  which  there  are  thirteen  on  the 
screen)  through  which  the  tunnel  centreline  x-y 
plane  passes.  The  x-z  plane  at  y=0,  regarded  as 
the  screen  “surface”,  passes  through  the  loci  of  the 
bond  crests  (shown  in  the  side  view  of  the  screen 
in  Figure  2A). 

Velocity  measurements  were  obtained  with  five 
DANTEC  55  Pll  normal  hot-wire  probes  in  con¬ 
junction  with  a  DANTEC  56C01  constant  tem¬ 
perature  anemometer  system.  The  anemometer 
signals  were  amplified,  low-passed  filtered  and  dig¬ 
itized  with  a  12-bit  A/D  converter  at  a  sampling 
rate  of  1  kHz  per  channel.  The  hotwire  calibra¬ 
tions  were  performed  in  situ. 


3.1  Flow  Visualization 


Figure  2:  (A)  Side  view  of  flow  visualiza¬ 
tion  experiment,  (B)  Close-up  view  of  dye 
injection 

The  screen  was  positioned  at  100mm  from  the 
bottom  of  the  flume  (well  outside  the  boundary 


The  flow  visualization  was  performed  at  several 
Reynolds  numbers  (based  on  hydraulic  radius  of 
the  channel).  Information  for  all  flow  visualiza¬ 
tion  experiments  axe  shown  in  table  2. 

The  preliminary  results  show  identifiable 
structures  within  the  fiowfield.  As  a  vortex  is  shed 
from  a  bond  crest,  it  is  convected  downstream 
where  concurrent  vortices  are  generated  at  crests 
downstream  (See  figure  3).  These  vortices  interact 
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Screen  1 

(Flow  Visualization) 

Screen  2 
(Wind  Tunnel) 

SWD 

25.4  mm 

23.5  mm 

LWD 

57.5  mm 

51.0  mm 

SWO 

20.5  mm 

17.8  mm 

LWO 

41.2  mm 

38.5  mm 

Strand  Width 

4.3  mm 

3.75  mm 

Strand  Thickness 

3.05  mm 

2.90  mm 

Strand  Hydraulic  Diameter 

3.57  mm 

3.27  mm 

Solidity 

25  % 

32  % 

Expansion  Angle 

27° 

27° 

Length  x  Width 

180  mm  x  200  mm 

310  mm  x  190  mm 

Table  1:  Details  of  the  screen  used  for  the  experiment 


Run 

Aspect  Ratio 

Hydraulic  Radius  (mm) 

Flowrate  (2*1) 

Ren 

1 

1.430 

68.5 

12.15 

5,970 

2 

1.156 

74.5 

5.03 

2,170 

3 

1.253 

72.2 

11.05 

5,020 

4 

1.147 

74.7 

10.13 

4,380 

5 

1.287 

71.5 

2.95 

1,360 

6 

1.389 

74.9 

10.86 

1,460 

Table  2:  Details  of  the  flow  visualization 


as  they  axe  convected  downstream  and  is  an  im¬ 
portant  mechanism  of  growth  of  the  layer  next  to 
the  wall  is  the  engulfment  of  downstream  vortices 
(vortex  B,  figure  3)  by  vortices  upstream  (vortex 
A,  figure  3).  The  flow  visualization  indicates  that 
there  is  little  or  no  interaction  across  the  screen, 
thus  the  screen  acts  to  isolate  the  two  halves  of 
the  flow. 

VbrtexBenlrainedby 


Figure  3:  Interaction  of  vortices  with  fric¬ 
tion  screens  at  central  plane. 


The  screen  elements  act  to  redirect  the  flow 
upward,  and  thus  a  low  speed  region  is  created 
at  the  friction  screen.  This  is  postulated  to  be 
the  mechanism  responsible  for  erosion  minimiza¬ 
tion  next  to  the  wall  of  the  boiler,  and  thus  the 
screens  do  not  act  as  sacrificial  erosion  surfaces 
but  as  flow  redirection  devices. 

3.2  Hotwire  Measurements 

Z 

i  ,  Datato 


v/  *  c)  w s  )  Computer 


Figure  4:  Conventions  used  in  the  hotwire 
measurements,  note  positions  are  normal¬ 
ized  by  SWD. 

The  measurements  have  been  completed  with 
rakes  of  5  normal  hotwires  positioned  vertically 
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(z-direction) .  Figure  4  defines  the  conventions 
used  in  this  study. 

3.2.1  Velocity  Profiles 

Contours  of  mean  velocity  and  turbulence  veloci¬ 
ties  axe  presented  in  figures  5  and  6  respectively. 
The  mean  velocity  contours  show  some  similarly 
to  that  of  a  fiat  plate;  the  turbulence  velocities 
show  that  there  is  a  strong  discontinuity  at  the 
plate  edge,  where  the  vortical  structures  from  ei¬ 
ther  side  of  the  plate  interact.  The  highest  tur¬ 
bulence  intensities  occur  over  the  last  cell  of  the 
screen. 


Figure  5:  Mean  velocity  contours  for  the 
screen. 


Figure  6:  Turbulence  velocity  contours  for 
the  screen.  Velocities  normalized  by  local 
mean. 

3.2.2  Power  Spectral  Densities 

Figure  7  shows  the  Power  Spectral  Densities 
(PSDs)  calculated  for  the  leading  edge  of  a  cell 
located  just  before  the  trailing  edge  of  the  screen. 
The  results  show  a  prominent  bulge  at  «  lOOilz. 
Measurements  made  at  a  location  upstream  of  the 


leading  edge  of  the  screen  do  not  show  this  fre¬ 
quency  bulge  indicating  this  is  an  effect  of  the 
screen.  The  location  of  the  frequency  peaks  for 
wire  positions  4-5,  correspond  to  the  approximate 
locations  of  the  shear  layer.  The  frequency  peak 
does  not  appear  at  the  measurement  positions  of 
wires  1-3. 


Figure  7:  Power  Spectral  Densities  at 

( swd ’  swd ’  swd )  =  (12,0,0.13),  leading 
edge  of  last  screen  cell. 

Figure  8  shows  the  PSDs  at  a  location  past  the 
trailing  edge  of  the  screen  (note  that  the  screen 
ends  at  ~s^rD  =  13.  The  peaks  in  the  PSDs  at  100 
Hz  are  noted  at  all  measurement  positions  (wires 
1-5).  The  results  suggest  that  the  influence  of  the 
outer  region  structure  has  propogated  through  the 
entire  field.  This  confirms  the  results  seen  in  the 
flow  visualization.  As  noted  in  the  flow  visualiza¬ 
tion  experiments,  the  screen  acts  to  isolate  the  two 
halves  of  the  flow  (upper  and  lower  regions)  and 
allows  little  or  no  interaction  across  the  porous 
body. 


Figure  8:  Power  Spectral  Densities  at 

(swd'  swd ’  swd )  =  (14,0,0.4),  in  the  wake 
region. 

The  events  captured  by  the  flow  visualization 
and  the  hotwire  measurements  axe  too  large  to 
pass  through  the  screen  cells.  From  the  flow  visu¬ 
alization,  it  is  noted  that  the  scale  of  the  screen 
generated  events  are  of  the  scale  SVyD  =  2-3. 
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4  Conclusions 

This  work  is  continuing  and  the  initial  results  are 
very  encouraging.  The  friction  screens  act  to  iso¬ 
late  the  flow  from  one  side  of  the  screen  to  the 
other.  A  coherent  structure  within  the  flow  has 
been  identified  with  flow  visualization  and  a  mech¬ 
anism  for  the  minimization  of  erosion  proposed. 
The  hotwire  results  confirm  the  existence  of  this 
strong  frequency  component;  further  work  is  being 
done  with  simultaneously  sampled  hotwires. 
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ABSTRACT 

Direct  numerical  simulations  are  performed  for  a  fully- 
developed  horizontal  turbulent  channel  flow  under  stable 
density  stratification.  Internal  gravity  waves  are  found 
to  be  built  up  in  the  core  region,  where  turbulent  heat 
flux  deteriorates  drastically  and  a  so-called  thermocline 
results.  The  streamwise  vortices  are  generated  by  Kelvin- 
Helmholz  instability  and  concentrated  in  the  elongated  re¬ 
gions  between  the  internal  gravity  waves  and  the  solid  wall. 
Through  the  pressure  diffusion  term,  the  internal  gravity 
waves  interact  with  shear-induced  turbulence.  It  is  also 
found  that  both  the  skin  friction  and  Nusselt  number  de¬ 
crease  greatly  without  suppression  of  near-wall  turbulence. 
These  decreases  should  be  due  to  the  suppression  of  energy 
containing  eddies  in  the  logarithmic  region.  When  strati¬ 
fication  becomes  larger,  the  flow  on  one  side  of  the  walls 
becomes  laminar  although  it  is  still  turbulent  on  the  other 
side.  Relaminarization  of  stably  stratified  boundary  layer 
is  surprisingly  similar  to  that  observed  in  a  minimal  chan¬ 
nel  flow. 

1  INTRODUCTION 

In  many  important  engineering  and  geophysical  flows,  tur¬ 
bulent  heat  transport  occurs  in  the  presence  of  thermal 
(or  density)  stratification.  Relevant  direct  numerical  sim¬ 
ulations  (DNS)  are  recently  carried  out  for  stably  strati¬ 
fied  homogeneous  turbulence (Gerz  et  al.,  1989;  Holt  et  al., 
1992).  However,  DNS  has  been  rarely  performed  to  study 
wall  turbulent  shear  flows  under  density  stratification. 

The  balance  between  mechanical  generation  of  tur¬ 
bulence  and  damping  by  stability  varies  from  case  to  case, 
creating  stable  boundary  layers  that  range  from  being  well 
mixed  to  non  turbulent.  The  observations  of  the  ocean 
and  the  atmosphere  show  that  strong  stable  stratification 


in  a  turbulent  boundary  layer  induces  a  steeper  mean  ve¬ 
locity  gradient  which  generates  the  intermittent  turbulent 
regions  due  to  Kelvin-Helmholz  instability  (Turner, 1973; 
Tntton,1988).  On  the  other  hand,  in  the  region  where  the 
mean  shear  rate  is  small  and  the  mean  temperature  gra¬ 
dient  is  large,  turbulence  is  significantly  suppressed  and 
internal  gravity  waves  are  generated.  There  should  be  a 
significant  interaction  between  the  turbulent  regions  and 
the  internal  gravity  waves  in  a  turbulent  boundary  layer. 
There  is  a  study  (Stull,  1988)  which  guesses  that  a  pres¬ 
sure  correlation  term  not  only  acts  to  redistribute  turbu¬ 
lent  kinetic  energy,  but  it  can  also  drain  energy  out  of  the 
boundary  layer  through  internal  gravity  wave.  In  short, 
through  the  pressure  correlation  term,  they  may  interact 
with  each  other.  However,  static  pressure  fluctuations  are 
exceedingly  difficult  to  measure  both  in  the  atmosphere 
and  laboratory  experiment.  Thus,  accurate  numerical  sim¬ 
ulations  are  required. 

When  density  stratification  becomes  very  large,  the 
flow  field  might  become  relaminarized.  The  mechanism 
of  laminarization  under  stable  stratification  is  also  an  un¬ 
known  problem.  Reverse  transition  from  turbulent  to  lam¬ 
inar  flow  has  been  studied  by  many  investigators,  since  it 
not  only  has  a  veiy  complex  nature  but  also  gives  a  fun¬ 
damental  insight  into  how  to  control  turbulence  and  to 
reduce  the  drag  (Narashimha  et  al,  1979).  However,  the 
general  principles  governing  the  relaminarization  are  not 
established,  which  may  be  useful  for  turbulence  control. 

Recently,  studies  using  DNS  have  shown  another 
kinds  of  relaminarization  which  can  hardly  be  realized  by 
the  experiments.  Choi  et  al.  (1994)  shows  that  significant 
drag  reduction  is  achieved  when  the  surface  boundary  con¬ 
dition  is  modified  to  suppress  sweep  events.  Their  study 
is  very  similar  to  a  flow  accompanied  by  drag  reduction 
with  dilute  polymer  addition  (Pereira  et  al.,  1994).  In  all 
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of  these  cases,  a  departure  from  the  logarithmic  law  and 
an  associated  increase  of  the  viscous  sublayer  are  definitely 
observed.  It  will  give  us  a  fruitful  conclusion  to  compare 
relaminarization  of  stable  stratified  boundary  layer  with 
typical  drag-reducing  flows. 

Under  stable  density  stratification,  the  analogy  be¬ 
tween  heat  and  momentum  transfer  should  not  hold  any 
longer.  There  are  many  studies  which  indicate  that  tur¬ 
bulent  heat  transfer  is  more  deteriorated  than  momentum 
transfer  and  thus,  turbulent  Prandtl  number  does  increase 
under  stable  density  stratification.  Almost  all  of  these  re¬ 
sults  are  at  sufficiently  large  Richardson  numbers  to  sup¬ 
press  turbulence  and  generate  internal  gravity  waves.  In 
the  dynamically  unstable  region  due  to  Kelvin-Helmholz 
instability,  the  effect  of  stable  stratification  on  turbulent 
heat  and  momentum  transfer  should  be  different. 

In  this  study,  direct  numerical  simulations  are  per¬ 
formed  to  study  turbulent  channel  flow  under  stable  den¬ 
sity  stratification.  The  occurrence  of  internal  gravity 
waves  is  ascertained  in  the  core  region.  The  mechanisms 
of  interaction  between  gravity  waves  and  turbulence  are 
investigated  in  detail.  Especially,  the  budget  of  Reynolds 
normal  stress  has  been  calculated  to  identify  the  pressure 
effect  on  their  interaction.  The  features  of  turbulent  heat 
and  momentum  transfer  are  also  explained  in  detail.  For 
example,  the  drag  reduction  mechanism  due  to  stable  den¬ 
sity  stratification  is  discussed  in  reference  to  that  of  typical 
drag-reducing  flows.  The  effect  of  density  stratification  on 
the  turbulent  Prandtl  number,  on  the  other  hand,  is  stud¬ 
ied  by  systematically  comparing  the  results  of  both  stable 
and  unstable  stratification. 


N  omenclature 

Cj  friction  coefficient,  / pU% 

Gr  Grashof  number,  g0(Tt  —  Tb)(2S)3/i0 

g  gravitational  acceleration 

Nu  Nusselt  number,  26qul/XAT 

Pr,  Prt  molecular  and  turbulent  Prandtl  numbers 

qw  total  heat  flux  at  the  wall 

Re-b  bulk  mean  Reynolds  number,  2UbS/i/ 

ReT  Reynolds  number,  ilt6/u 

Rig  gradient  Richardson  number 

Ric  critical  Richardson  number 

Rit  terminal  Richardson  number 

T  temperature 

Tb,  Tt  temperatures  at  bottom  and  top  walls 

U  mean  velocity  in  x-direction 

Ub  bulk  mean  velocity,  J^g  Udy/26 

u,  v,  in  fluctuating  velocity  components 
in  x-,  y-  and  2-directions 
v~r  friction  velocity,  yfr^/p 

x,  y,  z  streamwise,  wall-normal  and  spanwise 

directions 

0  volumetric  expansion  coefficient 

AT  temperature  difference,  Tt  —  Tb 

6  channel  half  width 

©  mean  temperature  difference,  T—Tb 

6  fluctuating  component  of  © 

6t  friction  temperature 

i/  kinematic  viscosity 

p  density 

Tu,  wall  shear  stress 


(  )o  value  at  Gr  =  0  and  Pr  --  0.71 
(  )  ensemble  average 

(  )+  non-dimensionalized  by  wall  variables, 

Ur  and  v 

2  COMPUTATIONAL  CONDITIONS  OF  DNS 

The  flow  geometry  and  the  coordinate  system  are  shown  in 
Fig.  1.  The  flow  field  is  driven  by  a  constant  mean  pressure 
gradient  in  the  x-direction.  The  flow  and  thermal  fields  are 
assumed  to  be  fully  developed,  so  that  periodic  boundary 
conditions  are  imposed  in  the  x-  and  2-directions,  respec¬ 
tively.  The  no-slip  boundary  condition  is  imposed  on  the 
velocity  components  on  the  two  walls,  which  are  heated  at 
different,  but  uniform  temperatures.  As  a  result,  there  is 
a  constant  positive  temperature  difference  AT  =  (Tb  —  Tt) 
between  the  bottom  and  top  walls.  The  gravitational  ac¬ 
celeration  g  is  in  the  j/-direction  to  cause  a  stable  buoyancy 
effect. 

The  governing  equations  are  the  standard  set  of  hy¬ 
drodynamic  equations  with  the  Boussinesq  approximation. 
The  Reynolds  number  (based  on  the  friction  velocity  th- 
and  channel  half  width  6  )  and  Prandtl  number  are  set 
at  Rer  =  150  and  Pr  =  0.71  respectively.  The  resultant 
bulk  Reynolds  number  Re b(—  2Ub6/ii)  is  4580  in  the  case 
without  buoyancy  (see  Kasagi  et  al.  1992).  The  Grashof 
number  Gr(=  g0AT(28)3 / 1/2)  is  varied  from  0  to  2  x  107. 

Referring  to  Kim  et  al.  (1987),  a  fourth-order  partial 
differential  equation  for  v,  a  second-order  partial  differen¬ 
tial  equation  for  the  wall-normal  component  of  vorticity, 
and  the  continuity  equation  were  solved  to  get  the  instan¬ 
taneous  flow  field.  A  spectral  method  is  used  to  obtain  the 
solutions  with  Fourier  series  in  the  x-  and  2-directions  and 
a  Chebyshev  polynomial  expansion  in  the  redirection. 

Almost  all  the  calculations  are  carried  out  with 
64  x  49  x  64  (x-,  y-  and  2-directions)  grid  system.  In 
order  to  assess  the  numerical  accuracy,  finer  128  x  128 
Fourier  modes  and  Chebyshev  polynomials  up  to  the  96th 
order  in  wave-number  space  are  used  for  the  typical  case 
of  Gr  —  4.4  x  106.  In  all  cases,  the  spanwise  period  of 
the  computational  box  is  2r8,  while  the  streamwise  pe¬ 
riod  is  5 x<5.  The  results  of  coarse-grid  calculation  are  in 
reasonable  agreement  with  those  of  fine-grid  one.  Thus 
the  relative  comparison  of  present  results  should  be  valid 
and  deserves  the  in-depth  discussion. 
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Figure  2:  Distribution  of  Gradient  Richardson  number 


3  RESULTS  AND  DISCUSSION 

The  distribution  of  the  gradient  Richardson  number  is 
shown  in  Fig.  2.  The  gradient  Richardson  number  Rig 
becomes  the  criterion  for  the  status  of  a  flow’.  Under  sta¬ 
ble  density  stratification,  flows  are  statically  stable,  but 
there  is  the  small  range  of  0  <  Ria  <  Ric  where  flows 
are  dynamically  unstable  and  nonturbulent  flows  may  be¬ 
come  turbulent  due  to  Kelvin-Helmholz  instability.  The 
experimental  results  show  that  Ric  is  almost  equal  to  0.25 
(Stull,  1988).  When  Rig  becomes  larger  than  Rit ,  a  turbu¬ 
lent  flow  should  ultimately  become  laminar.  In  almost  all 
cases  of  our  study,  Rig  is  below  Ric  in  the  region  j/+  <  120, 
while  it  exceeds  the  Rit  ~  1  in  the  central  region  of  a  chan¬ 
nel. 

Figure  3  shows  the  changes  in  the  friction  coefficient 
and  the  Nusselt  number  normalized  by  the  respective  val¬ 
ues  for  Gr  —  0,  i.e.,  Cf/Cfo  and  Nu/Nuq,  with  the 
Grashof  number.  Both  the  friction  coefficient  and  Nusselt 
number  decrease  markedly  with  increasing  Grashof  num¬ 
bers,  thus  indicating  that  the  flow  is  going  to  be  laminar. 
However,  the  drag-reduction  mechanism  of  stable  density 
stratification  is  completely  different  from  that  observed  in 
conventional  drag  reducing  flows,  as  will  be  discussed  later 
in  detail. 

Figure  4  shows  the  mean  temperature  profiles,  and 
the  corresponding  distributions  of  turbulent  heat  flux  are 
presented  in  Fig.  5.  The  mean  temperature  profile  is  non- 
dimensinalized  by  the  temperature  difference  between  two 
walls.  As  the  Grashof  number  increases,  the  mean  tem¬ 


Figure  5:  Distributions  of  turbulent  heat  flux  vd 


perature  gradient  becomes  steeper  and  a  so-called  thermo- 
cline  is  generated  in  the  channel  central  region  where  the 
turbulent  heat  flux  markedly  decreases.  At  Gr  =  2.0  x  107, 
turbulent  heat  flux  is  seen  to  become  almost  zero  on  one 
side  of  the  wall.  However,  in  the  region  y+  <  120  where 
Rig  is  still  below  Ric,  there  exists  the  well-mixed  layer  and 
the  turbulent  heat  flux  takes  a  large  value. 

Figures  6  (a)  and  (b)  show  the  coherency  and  the 
phase  between  the  wall-normal  velocity  and  the  tempera¬ 
ture  fluctuation  at  Gr  —  0  and  1.0  x  107.  Under  stable 
density  stratification,  the  coherency  takes  a  large  value  at 
wave  numbers  where  the  phase  angle  becomes  x/2.  In  the 
case  without  buoyancy,  the  phase  angle  is  nearly  zero  over 
all  wave  numbers.  The  definite  phase  angle  of  x/2  at  the 
intensive  coherency  regions  indicates  that  internal  grav¬ 
ity  waves  become  the  dominant  flow  structure.  Thus,  the 
remarkable  decrease  of  the  turbulent  heat  flux  and  the  as¬ 
sociated  increase  of  the  mean  temperature  gradient  should 
be  due  to  the  occurrence  of  internal  gravity  waves  and  the 
suppression  of  turbulence. 

Figures  7(a)  and  (b)  show  the  iso-surfaces  of  the  non- 
dimensional  temperature  (T— Tb)/AT  =  0.5  under  neutral 
and  stable  density  stratification,  respectively.  There  is  a 
significant  qualitative  difference  observed  between  them. 
In  the  case  without  buoyancy,  the  iso-surface  of  the  tem¬ 
perature  is  violently  tom  up,  indicating  that  the  temper¬ 
ature  should  be  effectively  well  mixed  by  turbulent  mo¬ 
tions.  On  the  other  hand,  under  stable  stratification,  the 
undulations  of  the  iso-surfaces  become  smaller,  indicating 
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Figure  7:  Iso-surfaces  of  non-dimensional  temperature 

(T  -  Tb)/AT  =  0.5;  (a)  Gr  =  0.0,  (b)  Gr  =  1.0  x  10 


Figure  8:  Mean  velocity  profiles  U+ 


Figure  9:  Rms  velocity  fluctuations  at  Gr  =  0, 
1.0  x  107  and  2.0  x  107. 


that  mixing  of  the  temperature  due  to  turbulence  is  sig¬ 
nificantly  suppressed 

The  logarithmic  plot  of  the  mean  velocity  U+  is 
shown  in  Fig.  8.  The  result  of  interactive  wall  turbulence 
control  by  Choi  et  al.  (1994)  is  also  included  for  compar¬ 
ison.  The  mean  velocity  tends  to  increase  in  the  region 
y+  >  10.  Interestingly,  the  logarithmic  region  of  mean 
velocity  profile  disappears  and  the  buffer  region  increases. 
The  increased  buffer  region  is  also  assured  by  the  turbulent 
Prandtl  number  as  discussed  later.  In  the  viscous  sublayer 
y+  <  jo,  U+  coincides  well  with  that  of  the  neutral  flow 
with  Gr  =  0  in  all  cases.  This  is  quite  different  from  the  re¬ 
sult  of  Choi  et  al. ,  where  the  viscous  sublayer  does  increase 
with  suppressing  the  bursting  phenomena  and  turbulence 
is  attenuated  in  the  near-wall  region  although  the  turbu¬ 
lent  structure  in  the  logarithmic  region  is  not  so  much 
changed. 

The  rms  velocity  fluctuations  are  shown  in  Fig.  9.  In 
the  near-wall  region  y+  <  50  where  the  gradient  Richard¬ 
son  number  is  below  0.1,  the  distributions  of  rms  velocity 
fluctuations  are  not  significantly  changed  and  near-wall 
turbulence  should  be  maintained.  In  the  logarithmic  re¬ 
gion,  the  decrease  of  v^n,  is  definitely  observed,  while  uXna 
increases  due  to  the  steeper  mean  velocity  gradient.  In 
the  central  region,  as  the  Grashof  number  increases,  both 
t,+  _  and  w£ns  decrease  markedly.  Also  one  may  note 
that  w^ns  takes  a  minimum  value  smaller  than  that  of  the 
neutral  flow  at  the  center  of  a  channel,  while  takes 
a  maximum  value,  which  cannot  be  observed  in  the  neu- 
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Figure  10:  Distributions  of  nns  vorticity  fluctuations. 


tral  flow  and  must  be  associated  with  the  occurrence  of 
internal  gravity  waves. 

When  the  Grashof  number  further  increases  to  2.0  x 
107,  there  occurs  a  stable  state  in  which  the  turbulent 
flow  exists  only  on  one  side  of  the  walls,  although  the  flow 
sometimes  becomes  turbulent  along  both  walls.  These  re¬ 
sults  are  similar  to  those  seen  in  a  minimal  channel  flow 
(Jimenez  and  Moin,  1991),  i.e.,  the  logarithmic  region  of 
the  mean  velocity  profile  disappeared  when  the  flow  be¬ 
came  one-sided  turbulent.  The  disappearance  of  the  log¬ 
arithmic  region  is  also  observed  in  the  present  result  (see 
Fig.  8).  Thus,  stable  density  stratification  has  apparently 
the  same  effect  as  narrowing  the  computational  box. 

The  rms  values  of  the  streamwise  component  of  vor¬ 
ticity  are  shown  in  Fig.  10.  The  result  of  unstable  den¬ 
sity  stratification  (Iida  and  Kasagi,  1997)  is  also  included 
for  comparison.  In  the  region  y+  <  120,  the  streamwise 
vorticity  increases,  indicating  that  the  small-scale  turbu¬ 
lence  is  augmented  by  Kelvin-Helmholz  instability.  Un¬ 
der  unstable  density  stratification,  the  rms  intensity  of  the 
streamwise  vorticity  decreases  in  the  logarithmic  region 
although  all  components  of  velocity  fluctuations  increase 
significantly  there  (not  shown  here).  Thus,  unstable  strat¬ 
ification  enhances  the  large-scale  vortices  with  small  vor¬ 
ticity,  while  under  stable  density  stratification  the  larger 
scale  eddies  are  suppressed,  leaving  small-scale  eddies  with 
large  vorticity. 

Figure  11  shows  the  budget  of  v+'2  for  Gr  =  4.4  x  107. 
It  is  noted  that  the  pressure-strain  term  increases  over 
most  of  the  channel  section  and  the  intercomponent  en¬ 
ergy  transfer  should  be  activated.  The  normal  stress  v+2 
generated  by  the  pressure-strain  term  is  dissipated  by  the 
buoyancy  dissipation  term.  Thus,  the  turbulent  structure 
associated  with  the  pressure-strain  term  should  contribute 
to  generating  the  potential  energy.  The  distributions  of 
the  diffusion  terms,  i.e.,  the  pressure  and  turbulent  dif¬ 
fusion  terms,  significantly  change  in  the  channel  central 
region.  It  can  be  seen  that  through  the  pressure-diffusion 
term,  kinetic  energy  is  transported  from  the  near-wall  re¬ 
gion  to  the  channel  central  region  where  internal  gravity 
waves  are  dominant  turbulent  structures.  The  turbulent 
diffusion  term  decreases  and  becomes  nearly  zero  in  the 
central  region  of  a  channel. 

Work  in  linear  gravity  wave  theory  shows  that  p+v+ 
is  equal  to  the  upward  flux  of  wave  energy  for  a  verti¬ 
cally  propagating  internal  gravity  wave  in  a  statically  sta¬ 


ble  environment  (Stull,  1988).  This  theory  and  our  results 
suggest  that  turbulence  energy  in  the  wall  region  of  sta¬ 
ble  boundary  layers  can  be  transferred  to  activate  internal 
gravity  waves  through  the  pressure  diffusion  term. 

Figure  12  shows  the  typical  example  of  the  velocity 
vectors  in  the  x-y  plane  in  the  case  of  Gr  =  1.0  x  107.  In 
the  channel  central  region,  wave-like  motions  are  clearly 
observed,  as  suggested  by  the  marked  decrease  of  v+6+. 
Moreover  it  should  be  noted  that  the  elongated  low- 
pressure  regions  are  generated  between  the  wall  and  the 
crest  of  internal  waves.  These  low  pressure  regions  corre¬ 
spond  to  the  streamwise  vortices  which  reach  down  to  the 
wall  and  enter  into  the  crest  of  the  waves  (not  shown  here). 
Figure  12  clearly  shows  the  interaction  between  gravity 


Figure  12:  Instantaneous  distributions  of  velocity  vec¬ 
tors  (U  +  u,  v  x  12)  and  pressure  fluctuations  in  x-y 
plane.  Black  to  white,  p+=-4  to  0,  Gr  =  1.0  x  107 
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Figure  13:  Distributions  of  turbulent  Prandtl  number 
Pn 


wave  and  near-wall  turbulence  through  the  pressure. 

Finally,  the  analogy  between  heat  and  momentum 
transfer  is  discussed.  Figure  13  shows  the  distribution  of 
the  turbulent  Prandtl  number.  For  comparison,  the  cases 
of  unstable  stratification  are  also  included.  Under  unstable 
density  stratification,  Prt  significantly  decreases,  indicat¬ 
ing  that  the  turbulent  heat  transfer  is  more  enhanced  in 
comparison  to  the  momentum  transfer.  When  stable  den¬ 
sity  stratification  is  imposed,  the  turbulent  heat  transfer 
is  deteriorated  greatly  in  the  channel  central  region,  which 
should  be  due  to  internal  gravity  waves.  However,  in  the 
region  y+  <  120,  the  decrease  of  Prt  is  not  so  remark¬ 
able  as  in  the  channel  central  region  and  Prt  takes  the 
same  value  as  that  in  the  buffer  region.  Profiles  of  the 
mean  velocity  and  the  turbulent  Prandtl  number  indicate 
that  in  a  stably  stratified  boundary  layer,  the  buffer  re¬ 
gion  does  increase  and  the  logarithmic  region  decreases. 
Considering  the  results  of  unstable  stratification,  it  could 
be  said  that  larger  vortices  in  the  logarithmic  region  tend 
to  transport  heat  more  effectively  than  momentum,  while 
small-scale  eddies  observed  in  a  stable  boundary  layer  con¬ 
tribute  equally  to  both  heat  and  momentum  transfer. 

4  CONCLUSIONS 

Direct  numerical  simulations  are  performed  for  a  fully- 
developed  horizontal  turbulent  channel  flow  under  stable 
density  stratification.  The  following  conclusions  are  ob¬ 
tained. 

(1)  In  the  core  region  where  the  local  gradient  Richardson 
number  exceeds  the  critical  Richardson  number,  turbu¬ 
lence  is  significantly  suppressed  and  internal  gravity  waves 
become  dominant  flow  structures.  Thus,  the  turbulent 
heat  flux  decreases  markedly  and  the  steep  mean  temper¬ 
ature  gradient  (i.e.,  thermocline)  results.  In  the  region 
y+  <  120  where  the  Richardson  number  is  still  below  the 
critical  value,  small-scale  turbulence  associated  with  the 
streamwise  vorticity  is  enhanced.  Instantaneous  turbulent 
structure  shows  that  the  streamwise  vortices  are  concen¬ 
trated  in  the  elongated  regions  between  the  internal  grav¬ 
ity  waves  and  the  solid  wall.  From  the  result  of  the  budget 
equation  for  v+2,  it  is  found  that  through  the  pressure  dif¬ 
fusion  term,  the  internal  gravity  wave  should  be  interacted 
with  turbulence.  When  stratification  becomes  larger,  the 
flow  on  one  side  of  the  walls  becomes  laminar  although  it 


is  still  turbulent  on  the  other  side. 

(2)  Under  stable  density  stratification,  the  buffer  region 
increases  and  the  logarithmic  region  disappears,  which  re¬ 
sults  in  the  significant  decreases  of  both  the  Nusselt  num¬ 
ber  and  skin  friction  coefficient  without  suppression  of 
near-wall  turbulence.  Thus,  the  drag  reduction  mechanism 
due  to  stable  density  stratification  is  completely  different 
from  that  observed  in  the  typical  drag-reducing  flows  such 
as  dilute  polymer  addition.  It  is  also  found  that  turbulent 
heat  transfer  is  significantly  deteriorated  and  the  turbulent 
Prandtl  number  increases.  From  the  results  of  both  sta¬ 
ble  and  unstable  stratification,  it  can  be  said  that  as  the 
length  scale  of  turbulence  becomes  larger,  heat  is  trans¬ 
ported  more  effectively  than  momentum,  while  the  small- 
scale  eddies  observed  in  stable  boundary  layers  contribute 
equally  to  both  heat  and  momentum  transfer. 

References 

[1]  Choi,  H.,  Moin,  P.  and  Kim,  J.,  "  Active  turbulence 
control  for  drag  reduction  in  wall-bounded  flows,”  J. 

Fluid  Mech.,  262,  pp.  75-110,  (1994). 

[2]  Gerz,  T.,  Schumann,  U.,  and  Elghobashi,  S.  E., 

"Direct  numerical  simulation  of  stratified  homogeneous 
turbulent  shear  flows,"  J.  Fluid  Mech.,  200,  pp.  563-594, 
(1989). 

[3]  Holt,  S.  E.,  Koseff,  J.  R.,  and  Ferziger,  J.  H.,  "A 
numerical  study  of  the  evolution  and  structure  of 
homogeneou  stably  stratified  turbulence,”  J.  Fluid  Mech., 
237,  pp.  499-539,  (1992). 

[4]  Iida,  O.  and  Kasagi,  N.,  "Direct  numerical  simulation 
of  unstably  stratified  turbulent  channel  flow,”  ASME  J. 
Heat  Trans.,  119,  pp.  53-61,  (1997). 

[5]  Jimenez,  J.  and  Moin,  P.,  ”  The  minimal  flow  unit  in 
near-wall  turbulence,"  J.  Fluid  Mech.,  213,  pp.  213-241, 
(1991). 

[6]  Kim,  J.,  Moin,  P.,  and  Moser,  R.,  "Turbulence 
statistics  in  fully  developed  channel  flow  at  low  Reynolds 
number,”  J.  Fluid  Mech.,  177,  pp.  133-166,  (1987). 

[7]  Kuroda,  A.,  and  Kasagi,  N.,  and  Hirata,  M,  Turbulent 
Shear  Flows  9,  F.  Durst,  N.  Kasagi,  B.  E.  Launder,  F. 

W.  Schmit,  K.  Suzuki  and  J.  H.  Whitelaw,  Eds., 
Springer-Verlag,  Berlin,  pp.  241-257,  (1995). 

[8]  Narashimha,  R.  and  Sreenivasan,  K.  R., 
"Relaminarization  of  fluid  flows,”  Adv.  Appl.  Mech.,  19, 
pp.  221-309,  (1979). 

[9]  Pereira,  A.  Su,  and  Pinho,  F.  T.,  1994,  "Turbulent 
pipe  flow  characteristics  of  low  molecular  weight  polymer 
solutions,”  J.  Non-Newtonian  Fluid  Mech.,  55,  pp. 

321-344,  (1994). 

[10]  Stull,  R.  B.,  An  Introduction  to  Boundary  Layer 
Meteorology,  Kluwer  Academic  Publishers,  (1988). 

[11]  Tritton,  D.  J.,  Physical  Fluid  Dynamics,  The  Oxford 
University  Press,  (1988). 

[12]  Turner,  J.  S.,  Buoyancy  Effects  in  Fluids,  The 
Cambridge  Univ.  Press,  (1973). 


20-6 


HEAT  TRANSFER  IN  A  STABLY  STRATIFIED  SHEAR  FLOW 


Takao  Kanzaki  and  Yoichi  Ichikawa 

Department  of  Atmospheric  Science 
Central  Research  Institute  of  Electric  Power  Industry 
Komae,  Tokyo,  201 
Japan 


ABSTRACT 

The  effects  of  mean  shear  on  the  countergradient  transfer  of 
heat  and  momentum  in  stably  stratified  grid-generated 
turbulence  in  a  wind  tunnel  are  experimentally  investigated. 
Measurements  are  conducted  in  three  kinds  of  sheared  air  flows 
with  stable  stratification.  Streamwise  and  vertical  velocities  and 
temperature  are  simultaneously  measured.  Turbulent  quantities 
between  the  velocity  fluctuations  and  temperature  fluctuations 
are  evaluated.  The  results  show  that  mean  shear  diminishes  the 
countergradient  heat  transfer.  The  cospectrai  data  suggest  that 
small-scale  motions  contribute  to  countergradient  heat  transfer 
in  stratified  air  flows  with  strong  shear. 

INTRODUCTION 

Thermally  stratified  shear  flows  occur  in  the  atmospheric 
boundary  layer  and  the  ocean.  The  conditions  of  stratification 
and  shear  affect  scalar  transfers  of  heat  and  air  pollutants.  In 
such  a  flow,  scalar  transfer  is  controlled  by  buoyancy  forces  and 
turbulent  motion  which  is  generated  by  shear.  It  is  well  known 
that  countergradient  scalar  transfer  occurs  in  a  turbulent  flow 
with  strongly  stable  stratification.  In  the  last  two  decades, 
countergradient  scalar  and  momentum  transfer  have  been 
extensively  studied  experimentally  and  numerically,  after 
Komori  et  al.  (1983)  identified  these  phenomena  in  a  thermally 
stratified  open-channel  water  flow.  Therefore,  the  fundamental 
mechanism  of  countergradient  transfer  has  been  largely 
elucidated.  In  wind  tunnel  experiments,  Lienhard  &  Van  Atta 
(1990),  Yoon  &  Warhaft  (1991)  and  Kanzaki  &  Ichikawa 
(1996)  have  shown  that  the  countergradient  heat  transfer  occurs 
by  large-scale  motion  in  strongly  stratified  air  flows  without 
shear.  On  the  other  hand,  Komori  &  Nagata  (1996)  recently 
investigated  the  effects  of  changes  in  Prandtl  and  Schmidt 
numbers  on  countergradient  transfer  in  water  tank  experiments. 
They  concluded  that  countergradient  transfer  was  initiated  by 


small-scale  motions  and  then  observed  it  at  large  scales  in 
stratified  water  flows  with  high  Prandtl  number.  They  also 
suggested  that  countergradient  transfer  might  occur  at  small 
scale  even  in  stratified  air  flows  where  small  scale  turbulent 
motion  would  be  stronger.  Gerz  &  Schumann  (1996)  explained 
the  countergradient  transfer  mechanism  at  small  scale  based  on 
their  conceptual  model.  They  suggested  that  the  countergradient 
fluxes  always  occur  at  small  scale,  independent  of  the  Prandtl 
number.  However,  it  remains  to  be  determined  experimentally 
and  numerically  whether  small-scale  countergradient  heat 
transfer  could  occur  in  stratified  air  flows  at  a  low  Prandtl 
number.  It  is  of  great  interest  to  investigate  countergradient 
heat  and  momentum  transfer  in  stratified  air  flows  with  shear. 

The  purpose  of  the  present  work  is  to  investigate 
experimentally  the  effect  of  mean  shear  on  countergradient 
heat  transfer  mechanism  and  the  contribution  of  large-  and 
small  -scale  motion  to  countergradient  heat  transfer  in  sheared 
air  flow  with  stable  stratification. 

EXPERIMENTS 

The  experiments  were  conducted  in  a  new  wind  tunnel. 
Figure  1  shows  the  experimental  setup  and  the  measurement 
system.  The  test  section  of  the  tunnel  was  7  m  long  and  0.5m  X 
0.5m  in  cross  section.  Turbulence-generating  grids  were 
installed  at  the  entrance  of  the  tunnel  and  were  single-biplanar 
construction.  The  mesh  size  (M)was  0.05  m  and  the  diameter  of 
the  rods  (d)  was  0.01  m.  An  adjustable  heater  and  gate  section 
were  set  before  the  turbulence  grids.  They  were  vertically 
separated  into  ten  sections  and  each  section  was  individually 
controlled  to  produce  the  initial  vertical  temperature  step  and 
velocity  profile  as  desired.  Stable  stratification  was  achieved  by 
setting  of  the  temperature  step  AT  (^-T^)  between  the  upper 

and  lower  streams  at  25  K.  For  investigation  of  the  effect  of 
mean  shear  on  countergradient  heat  transfer,  measurements 
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FIGURE  1.  EXPERIMENTAL  SETUP  AND  MEASUREMENT  SYSTEM. 


were  performed  in  shear-free  flow  and  in  two  kinds  of  sheared 
flows.  In  shear-free  flow,  the  mean  velocities  of  the  upper  and 
lower  layers  were  set  to  the  same  value  of  2.5  m/s.  For  the  two 
sheared  flows,  turbulent  mixing  layers  were  generated_by 
setting  of  the  differences  in  the  velocities  AU  (=U,-U2) 
between  the  upper  layer  and  lower  layer  at  0. 1 8  m/s  and  0.47 
m/s,  respectively.  The  mean  velocity  of  the  two  turbulent 
mixing  layers  was  consistent  with  the  value  in  the  shear-free 
flow  condition.  The  Reynolds  number  based  on  the  mesh  size 
was  7000  and  the  Brunt-Vaisala  frequency, 

N=[g  /?  ( 3  TY  d  z)] xa,  was  3.2  s'1  at  x/M=10  where  (S  is  the 
constant  volumetric  expansion  coefficient.  The  gradient 
Richardson  numbers  of  the  two  turbulent  mixing  layers  were 
estimated  as  0.62  and  0.12,  respectively.  The  streamwise  and 
vertical  velocities  and  temperature  were  measured  using  an  X- 
wire  in  conjunction  with  a  cold  wire.  The  cold  wire  was  set 
within  0.001  m  upstream  of  the  X-wire.  The  signals  of 
velocities  from  hot-wires  were  corrected  using  temperatures 
simultaneously  measured  from  the  cold-wire.  Therefore,  these 
probes  enabled  us  to  measure  the  instantaneous  velocities  and 
temperature  simultaneously.  The  calibration  of  the  probes  was 
conducted  at  different  flow  velocities  and  temperatures  before 
and  after  measurements.  The  measurements  were  mainly 
conducted  at  the  centerline  of  the  wind  tunnel  in  the  range  of  4 
^x/MSJ60.  Three  channels  data  on  the  instantaneous 
temperature  and  velocities  were  sampled  at  a  rate  of  0.001  s 
and  digitized.  The  temperature  fluctuations  and  velocity 
fluctuations  were  analyzed  statistically. 

RESULTS  AND  DISCUSSION 

Figure  2  shows  the  vertical  turbulent  heat  flux  correlation 
coefficients,  Rw  6  =w ~8  /w'  6 for  three  stratified  flows  as 
functions  of  the  buoyancy  time,  Nt,  where  w'  and  6 '  represent 
the  rms  values  of  the  vertical  velocity  fluctuations  and  the 
temperature  fluctuations.  In  the  shear- free  case,  the  heat  flux 


correlation  coefficient  is  about  -0.65  in  the  initial  region. 
Stable  stratification  produce  a  positive  mean  temperature 
gradient  in  the  vertical  direction.  Therefore,  a  negative 
coefficient  means  that  the  turbulent  heat  flux  occurs  down  the 
gradient.  The  initial  value  of  about  -0.65  agrees  with  the 
experimental  results  of  Lienhard  &  Van  Atta  (1990)  and  Yoon 
&  Warhaft  (1991)  for  unsheared  air  flow.  Heat  flux  collapses 
with  increasing  Nt  and  the  sign  of  the  coefficient  changes  from 
negative  to  positive  in  the  region  of  Nt  >  2.2.  This  means  that 
countergradient  heat  transfer  occurs  in  this  region.  The  positive 
peak  value  of  the  vertical  heat  flux  correlation  coefficient  is  0.1. 
In  the  case  of  AlJ=0.  1 8  m/s,  the  profile  of  the  heat  flux  is 
similar  to  that  on  the  shear-free  condition.  The  countergradient 
heat  transfer  occurs  at  Nt  >  2.3,  though  the  peak  value 
decreases.  On  the  other  hand,  the  behavior  of  the  vertical  heat 
flux  in  the  strong  shear  case  of  A  U=0.47  m/s  is  different  from 
that  on  the  other  two  conditions.  The  correlation  coefficient 
increases  with  increasing  Nt  but  remains  negative  at  all  the 
measurement  points.  Thus,  the  profiles  of  the  vertical  heat  flux 
suggest  that  mean  shear  affects  the  heat  transfer  mechanism  and 
prevents  countergradient  heat  transfer. 

The  mechanism  of  the  countergradient  heat  transfer  can  be 
explained  in  terms  of  the  conversion  of  vertical  kinetic  energy 
of  flow  to  available  potential  energy.  Therefore,  the  ratio  of  the 
vertical  kinetic  energy  (VKE)  to  the  potential  energy  (PE)  of  the 
stratified  air  flow  is  estimated.  Here,  the  kinetic  energy  and  the 
potential  energy  are  defined  by  VKE  =  w'2/2  and 
PE=  g/3  6  '2f  2(  d TV  d  z),  respectively.  The  profiles  of  the  ratio 
for  three  flows  are  shown  in  Figure  3.  In  the  initial  region  of 
small  Nt,  turbulent  motion  generated  by  grids  installed  at  the 
entrance  of  the  test  section  is  vigorous  so  that  the  kinetic  energy 
is  considerably  larger  than  the  potential  energy.  In  the  shear- 
free  case,  according  to  decay  of  turbulence,  the  ratio  decreases 
to  1  and  the  potential  energy  becomes  comparable  to  the  kinetic 
energy.  Finally,  the  ratio  reaches  values  of  less  than  1.0. 
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Comparison  between  the  heat  flux  correlation  coefficient  and 
this  ratio  distinctly  reveals  that  countergradient  heat  transfer 
occurs  where  the  potential  energy  becomes  larger  than  the 
vertical  kinetic  energy.  This  corroborates  the  observation  that 
the  conversion  of  the  vertical  kinetic  energy  to  potential  energy 
causes  the  heat  transfer  against  the  mean  temperature  gradient. 
The  behavior  of  the  ratio  of  weakly  sheared  flow  is  very  similar 
to  that  of  shear-free  flow.  In  the  strong  shear  case,  the 
turbulent  kinetic  energy  is  generated  by  intense  mean  shear 
even  in  the  downstream  region,  so  that  the  ratio  remains  larger 


than  for  the  other  two  cases  and  never  reaches  one. 

For  investigation  of  the  scales  of  motion  which  dominate 
countergradient  heat  transfer,  cospectra  between  vertical 
velocity  fluctuations  and  temperature  fluctuations  were 
estimated.  Figure  4  shows  the  evolution  of  the  cospectra,  Co, 
for  the  three  stratified  flows.  A  negative  value  of  the  cospectra 
means  down-gradient  heat  transfer  and  a  positive  one  means 
countergradient  heat  transfer.  Therefore,  the  behavior  of  the 
cospectra  suggests  the  scale  of  motion  contributing  to  vertical 
heat  transfer.  The  vertical  position  of  the  cospectra  for  two 
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FIGURE  2.  PROFILES  OF  VERTICAL  TURBULENT  HEAT  FLUX  CORRELATION  COEFFICIENT. 
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FIGURE  3.  COSPECTRA  OF  VERTICAL  TURBULENT  HEAT  FLUX. 
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large  Nt  are  shifted  -0.5  and  -1.0  relative  to  0,  respectively.  For 
the  shear-free  case,  the  cospectrum  for  Nt=1.70  gives  a  negative 
value  for  the  whole  frequency  region.  AtNt=1.98  the 
cospectrum  indicates  a  positive  value  in  the  low  frequency 
region.  The  region  of  positive  values  then  spreads  to  the  higher 
frequency  side  at  Nt=2.57.  With  increasing  Nt,  the  peak  of  the 
cospectrum  decreases.  For  the  weakly  sheared  flow  at 
AU=0. 1 8  m/s,  the  behavior  of  the  cospectrum  is  very  similar  to 


that  for  shear-free  flow.  This  means  that  large-scale  motions 
contribute  to  counter-gradient  heat  transfer  in  both  shear-free 
and  weakly  sheared  air  flow.  This  result  agrees  well  with  the 
results  of  the  wind  tunnel  experiments  by  Lienhard  &  Van  Atta 
(1990)  and  Yoon  &  Warhaft  (1991).  However,  for  the  strongly 
sheared  flow  at  aU=0.47  m/s,  the  cospectrum  is  different  from 
that  in  the  above  two  cases.  The  cospectra  reverse  in  sign 
only  in  the  high  frequency  region.  This  behavior  shows  that 
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FIGURE  4.  RATIO  OF  VERTICAL  KINETIC  ENERGY  TO  POTENTIAL  ENERGY. 
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FIGURE  5.  PROFILES  OF  MOMENTUM  FLUX  CORRELATION  COEFFICIENT. 
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FIGURE  6.  COSPECTRA  OF  MOMENTUM  FLUX. 


small-scale  motions  contribute  to  the  countergradient  heat  flux 
even  in  air  flow  with  a  low  Prandtl  number.  Komori  &  Nagata 
(1996)  observed  that  countergradient  heat  flux  was  initially 
generated  by  small-scale  motions  in  stratified  water  flows.  It  is 
of  great  interest  to  estimate  cospectra  for  larger  Nt  ,  but  the 
restrictions  of  the  present  experimental  apparatus  prevented 
these  measurements. 

The  momentum  flux  correlation  coefficients,  Ruw=uw/u'w’, 
for  two  sheared  flows  are  plotted  against  Nt  in  Figure  5.  For 
these  sheared  flows,  the  velocity  of  the  upper  layer  is  higher 
than  that  of  the  lower  layer.  Therefore,  a  positive  mean  velocity 
gradient  is  formed  in  the  center  of  the  wind  tunnel.  The 
direction  of  down  gradient  transfer  of  momentum  flux  coincides 
with  that  of  the  heat  flux.  The  momentum  flux  value  is  negative 
in  the  initial  region  of  small  Nt  and  approaches  zero  as  the 
turbulent  motion  decays  in  the  downstream  region.  For  the 
weakly  sheared  flow,  the  sign  of  the  momentum  flux  changes 
from  negative  to  positive  at  Nt=2.0  and  countergradient 
momentum  transfer  also  occurs  at  that  point.  However,  the 
momentum  flux  remains  negative  for  strongly  sheared  flow. 
Thus,  mean  shear  also  influences  momentum  transfer  to  reduce 
countergradient  transfer. 

Cospectra  between  the  vertical  velocity  fluctuations  and 
streamwise  velocity  fluctuations  are  shown  in  Figure  6.  For 
weakly  sheared  flow,  the  cospectrum  of  momentum  flux 
indicates  that  countergradient  momentum  transfer  occurs  at  high 
frequencies  in  the  initial  region  ofNt=1.22.  It  then  collapses 
and  the  region  of  countergradient  transfer  spreads  to  the  low 


frequency  side  at  larger  Nt.  This  means  that,  in  weakly  sheared 
flow,  the  small-scale  motions  initially  contribute  to  the 
countergradient  momentum  transfer  and  then  the  large-scale 
motions  also  contribute  to  it.  Such  a  mechanism  is  quite 
similar  to  that  of  countergradient  heat  transfer  in  water  flows 
with  high  Prandtl  number.  The  cospectrum  of  the  strongly 
sheared  flow  shows  the  contribution  of  small-scale  motions  in 
the  measurement  region.  These  results  suggest  that  the  powerful 
motions  generated  by  strong  shear  give  rise  to  small-scale 
countergradient  heat  transfer  in  stratified  air  flows. 

CONCLUSION 

The  effects  of  mean  shear  on  countergradient  heat  transfer  in 
stably  stratified  air  flows  were  experimentally  studied.  The 
findings  of  this  study  are  summarized  as  follows.  In  strongly 
stratified  air  flow  with  shear,  heat  and  momentum  are 
transferred  against  the  mean  temperature  and  velocity  gradients. 
Mean  shear  greatly  affects  the  heat  and  momentum  transfer 
mechanism  and  inhibits  countergradient  heat  and  momentum 
transfer.  Strong  turbulent  motions  generated  by  shear  cause  the 
small-scale  countergradient  heat  transfer  even  in  stratified  air 
flows  with  low  Prandtl  number. 
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ABSTRACT 

The  paper  examines  the  computational  modelling  of  the  stably 
stratified  mixing  layer  with  particular  emphasis  being  placed  on 
the  approximation  of  the  triple  moments  which  act  as  the 
agencies  for  diffusing  the  stresses  and  heat  fluxes.  As  the 
turbulent  second-moments  decay  (along  with  their  generative 
agencies)  their  local  level  is  increasingly  dependent  on  the  triple 
moments  and,  thus,  on  the  strategies  for  modelling  these 
processes.  The  most  successful  route  we  have  found  adopts 
transport  closures  broadly  analogous  to  (but  more  complete 
than)  those  of  Dekeyser  and  Launder  (1983).  An  important 
element  is  the  adaptation  of  Millionshtchikov’s  (1942)  proposal 
for  eliminating  the  fourth  moments  by  including  a  further 
gradient-transport  term  as  proposed  by  Kawamura  et  al  (1995). 

A  much  simpler  strategy  based  on  transport  equations  for 
stresses  but  adopting  a  gradient-diffusion  hypothesis  for  the 
turbulent  heat  fluxes  also  shows  promising  results. 


1.  INTRODUCTION 

While  second-moment  closures  have  now  established 
themselves  as  a  level  of  modelling  that  can  adequately  mimic 
transport  processes  in  a  range  of  complex  flows,  most  of  the 
attention  in  developing  models  of  the  component  processes  has 
been  given  to  the  pressure-strain  and  dissipation  processes  (or 
their  counterparts  in  the  scalar  flux  equations).  By  contrast, 
diffusive  transport  of  the  second  moments,  involving  gradients 
of  triple-moment  products,  has  generally  been  modelled  more 
with  an  eye  to  numerical  stability  and  simplicity  than  to 
accuracy.  In  most  engineering  flows  this  emphasis  makes  sense 
because  the  resulting  prediction  of  the  mean-field  quantities  is 
rarely  sensitive  to  the  triple-moment  modelling,  especially  in 
flow  near  walls. 

In  stratified  flows,  however,  the  situation  changes  because 
buoyant  effects  on  at  least  some  of  the  triple  moments  (effects 
which  are  neglected  in  simple  ‘gradient-diffusion’ 
approximation)  may  become  quite  crucial  to  mimicking  the 
flow’s  evolution  correctly,  Andre  et  al  (1979);  Lumley  et  al 
(1978).  This  appears  to  be  especially  the  case  under  strong 
stable  stratification  for  then  buoyant  effects  oppose  the  action 
of  mean  velocity  and  (in  the  scalar  flux  equations)  mean 


temperature  gradients  and  the  local  level  of  the  second-moments 
then  becomes  far  more  sensitive  to  their  diffusive  transport. 

The  present  contribution  reports  our  experiences  in  computing 
the  salinity-stratified  mixing  layer  of  Uittenbogaard  (1988). 
This  experiment  has  been  the  subject  of  a  number  of  modelling 
studies  (Uittenbogaard  &  Baron,  1989,  Craft  et  al,  1996)  and  at 
least  one  European  turbulence  modelling  workshop  (Scheuerer, 
1989).  The  closure  levels  adopted  here  range  from  partially 
second  moment  (transport  equations  for  the  stresses;  gradient 
diffusion  for  the  salinity  fluxes)  to  partially  third  moment  (in 
which  some  of  the  third-moments  are  obtained  via  transport 
equations,  others  via  gradient-diffusion  models).  The  object  has 
been  to  ascertain  the  level  of  closure  required  for  making 
reliable  risk  assessments  in  various  flows  where  safety  is  in 
question.  In  many  such  practical  cases  the  motion  is  three 
dimensional  (unlike  the  nominally  two-dimensional  case 
considered  here)  so  there  is  a  strong  incentive  to  keep  the  model 
relatively  simple. 


2.  CLOSURE  MODELLING 

In  the  interests  of  space,  the  second-moment  equations  for 
Reynolds  stress  (ujUj)  and  salinity  flux  ( u  j  © )  are  written 
symbolically  as: 


DujU; 

D{  -Pij+Gij+<|>ij-Eij+dij 

(2.1) 

Du~0 

D(  -pi9  +Gie  +<|>ie  -ei9  +die 

(2.2) 

where  ‘P’  denotes  generation  by  mean  velocity  gradients, 
dUp/dxq  and,  in  the  case  of  u;0,  mean  salinity  gradients, 
3©/dxq  .  The  G  terms  denote  corresponding  gravitational 
generation  terms  which,  in  the  case  of  Uj0  contain  the  mean 

square  salinity  variance  02  ;  this  too  is  obtained  from  a 
transport  equation : 

D62  „ 

~rr~  -  pee  -  £ee  +  dee  (2.3) 


20-13 


there  being  no  buoyant  generation  since  velocity  fluctuations  do 
not  appear  in  the  dependent  variable. 

The  processes  denoted  ‘d’  are  diffusive  transport  and  their 
approximation,  forming  the  principal  research  enquiry  of  this 
paper,  appears  in  Section  3.  Here  we  report  briefly  on  the 
models  adopted  for  dissipation  ( £  )  and  non-dispersive  pressure 
interactions  ( <|> ) 

Local  isotropy  is  assumed  for  the  dissipation  processes 


Ejj  —  SjjE  ;  £j0  —  0 


=  -C,  |(uiUj  -ySjjk +Gy  - +G,*]} 

nc  e( -  s  3 -  3 -  Y  * 

+0-5-1  u,um  n1nm5ij--uju,  njn,  --ujU,  njn|  Jl  — 


-008— -u1um(5ij- 3njnj)  - 


„„  fduk  c  3  3  5Uj  Y  ( 

_0.1kalm  — -n.n^--— -n.nj--— n,ni  — 


+0-4k- - n|nm  HjOj  — — Sjj  — — 

dxm  V  3  JA1.4y 


while  the  scalar  dissipation  is  approximated  via  the  kinematic 
dissipation  e  as  : 

e6e=ReTf  (2.5) 

k 

where  k  is  the  turbulent  kinetic  energy,  uf/2  and  the  time- 

scale  ratio  R  is  (following  Haroutunian  and  Launder,  1989) 
taken  as  : 


R=— (1  +  A2e)  where  A2e=(uj0)  /k02 
Finally,  e  is  obtained  from  its  usual  transport  equation  : 


De  C-l  £  £  “ 

—  = - (^kk  +  0*uc) - Ce2 - kdE 

Dt  2  **  k  £2  k  E 


:  _cie  — uiO-C2e[Pie  +Gie] 

k 


where  C2  =1.8  ;  C2  =0.6  ;  C19  =  3.0  and  C20  =  0.5. 

All  but  the  first  line  in  the  model  for  <p[j  are  ‘wall-reflection’ 
terms  (due  to  Craft  &  Launder,  1992),  the  symbol  nk  denoting 
the  unit  vector  normal  to  the  wall,  and  i  the  turbulent  length 

scale,  k^  v2/e  .  In  this  study,  because  the  flow  has  a  free 
surface,  wall-reflection  terms  have  been  applied  to  that  surface, 
too,  a  practice  whose  merit  has  been  conclusively  established  by 
Reece  (1977)  and  McGuirk  &  Papadimitriou  (1985)1.  No  wall- 
reflection  agency  has  been  applied  to  <t>j6  in  conformity  with 
long-established  experience  and  practice.  Launder  (1976). 

Results  for  an  alternative,  simpler  modelling  of  U;0  are  also 
presented  in  Section  4  in  which  the  GGDH  is  invoked  : 


where  CE|  =  1.45  and  Ce2  =1.90. 

The  diffusive  transport  of  e,  dE  ,  is  approximated  via  the 
generalised  gradient  diffusion  hypothesis  (GGDH)  as  : 


UjUk-- 


uie  =  -c0ukui- 


with  Ce  =  0.30.  Using  this  approximation,  02  does  not 
appear  as  an  unknown  so  neither  (2.2)  nor  (2.3)  are  solved. 
This  is  referred  to  as  Model  1 . 


where  CE=0.16. 

Some  may  point  out  that  (2.8)  is  an  inconsistently  crude 
approximation  for  transport  compared  with  the  strategies 
adopted  in  Section  3.  However,  with  regard  to  closing  the 
second-moment  equations,  the  term  is  formally  no  more 
prominent  than  the  diffusive  transport  terms  in  the  third- 
moment  equations  for  which  a  strictly  analogous  model  will  be 
adopted. 

Equations  (2.4)  -  (2.8)  form  part  of  what  is  often  termed  the 
‘Basic  Model’  used  by  CFD  workers  for  more  than  20  years.  It 
is  a  model  that  has  been  extensively  applied  to  shear-driven  and 
buoyancy  affected  flows  (Launder  1989),  but  which  does  not, 
with  regard  to  Ey  and  £ie,  satisfy  the  limiting  kinematic 

requirements  when,  in  a  very  strong  stable  stratification,  vertical 
fluctuations  tend  to  zero  and  turbulence  thus  approaches  a  2- 
component  state  (Lumley  1978;  Craft  et  al.  1996) 

The  corresponding  models  for  the  <j>  processes  are  : 


3.  MODELLING  THE  DIFFUSION  OF  SECOND 
MOMENTS 

The  simplest  strategy  adopted  here  (Model  2)  is  to  apply 
GGDH  to  all  terms: 

-^  =  -Ck-^-^  (3.1) 

E  dX] 

where  Ck  =0.22  for  UjUjUk  ,  else  Ck=0. 1 8. 


1  In  fact,  while  the  physical  basis  for  wall  reflection  is  long  established 
(Chou,  1945),  there  is  reason  to  suppose  that  Eq  (2.9)  greatly 
exaggerates  it  merely  because  of  the  inadequacies  in  the  first  line  of  Eq 

(2.9)  near  a  surface  or  interface  where  turbulence  goes  to  a  two- 
component  state.  Indeed,  recent  work  at  UM1ST,  using  far  more 
elaborate  models  for  that  comply  with  the  two-component  limit 
(Launder  &  Li,  1994;  Craft  &  Launder,  1996)  adopt  no  wall  reflection 
corrections  of  the  type  adopted  in  Eq  (2.9).  Nevertheless  (2.9)  and 

(2.10)  are  retained  here  partly  because  the  region  on  which  Section  4 
focuses  is  well  removed  from  the  wall  or  free  surface  and  partly 
because,  with  the  Basic  Model  being  so  widely  adopted,  it  seemed  the 
most  appropriate  level  at  which  to  focus  this  initial  enquiry. 
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In  the  above,  a  and  p  may  denote  a  velocity  component  or 
salinity  fluctuation.  This  is  the  ‘basic’  second-moment  closure. 
This  level  of  approximation  is  not  adequate  in  very  stably 
stratified  flows  since,  despite  buoyant  damping  of  the  second 
moments,  too  much  mixing  still  results.  Our  first  studies  of  this 
problem  adopted  obvious  algebraic  elaborations  of  (3.1) 
bringing  in  gravitational  effects,  Craft  et  al  (1996).  The  present 
more  extensive  study  has  found  that  such  algebraic  forms  tend 
to  provoke  convergence  problems  and  so  here  attention  is 
directed  at  solving  transport  equations  for  some  of  the  triple 
moments. 


But  which  ones?  The  number  of  non-zero  triple  moments 
depends  greatly  on  the  meaning  of  a  and  P  on  the  left  side  of  Eq 
(3.1).  If  a  and  P  both  denote  0,  there  are,  for  a  two-dimensional 

flow,  just  two:  U]02  and  u202  (x3  being  the  direction  of 
spatial  uniformity);  if  they  denote  velocity  fluctuations,  there 
are  6  (or  10  for  an  entirely  general  flow).  Accordingly,  our 
practice  has  been  to  retain  Eq  (3.1)  for  UjUjUk  and  to  solve 
transport  equations  for  all  other  third  moments  (Model  3). 
Among  these  is  included  the  equation  for  03  which  appears  in 
the  buoyant  term  of  the  equation  for  uk02  .  The  triple  moment 
equations  in  question  may  be  written: 

Duku:0 

=  Pkje  +  pHi©  +  Gkje  4>kje  ~ £kje  +  djke  (3-2) 
Duk02  „i  .  „2 

jr  -  PkBfl  +  pk09  +  Gkee  +  ‘hee  ~  ekee  +  dkee  (3.3) 


DO3 

Dt 


Peee  +  peee  “  eee9  +  d 


606 


(3.4) 


where,  in  all  equations,  the  P'’s  denote  production  by  second- 
moment  gradients,  P2’s  arise  from  mean-velocity  and/or  salinity 
gradients,  the  G’s  denote  direct  buoyant  contributions,  (p ’s  are 
pressure-interaction  terms,  e’s  denote  molecular  dissipation 
effects  and  d’s  represent  triple-moment  diffusion  due  to  fourth 

moments  and  (for  ukUj0  and  uk02  )  pressure  fluctuations. 

No  approximations  are  needed  for  the  P1,  P2  or  G  processes  in 
any  of  the  equations.  We  adopt  closure  models  for  the 
remaining  terms  that  are  consistent  with  those  made  in  the 
second-moment  equations.  The  action  of  the  non-dispersive 
pressure  correlations,  (f> ,  is  assumed  to  comprise  ‘retum-to- 
isotropy'  and  ‘destruction  of  production’  parts.  Thus 


‘t’kea  -  Gla  k  0uka  G2a(Pk0oc  +Pk0a  +  Gk0a)  (3-5) 


£jke =-C3e70ur|^8jk 


£k00  -_3C3e—  UkU] 
E 


■dee 

9xi 


(3.6) 

(3.7) 


where  C3e  =  0.1,  following  DL.  For  eee0  (a  process  not 
considered  by  DL)  the  usual  approximation  : 


-660 


=  3 


2R=ee 

02 


(3.8) 


is  adopted  with  the  coefficient  R  chosen  as  in  Eq  (2.6). 


In  earlier  closure  proposals  for  the  diffusion  of  3rd  moments, 
the  usual  route  has  been  to  express  the  fourth  rank  products  in 
terms  of  products  of  the  constituent  quantities  taken  two  at  a 
time  (Millionshtchikov,  1942): 


aPyS  =  a|i  y5  +  ay  •  P5  +  a8  •  Py  (3.9) 

An  argument  against  using  such  a  form  is  that  the  Gaussian 
distribution  of  the  fluctuations  on  which  the  approximation,  Eq 
(3.9),  rests  will  be  least  accurate  in  regions  where  quadruple 
products  are  most  influential,  i.e.  where  the  turbulence  is 
strongly  inhomogeneous.  Possibly  with  such  thoughts  in  mind, 
Kawamura  et  al  (1995)  proposed  that,  to  model  u  j  u  j  u  k  u  m  , 

departures  from  Eq  (3.9)  should  be  accounted  for  by  a  gradient 
transport  model.  We  apply  this  idea  to  all  the  quadruple 
products  as  follows: 


djk0=~af— [UrnUjUk0] 


a 

r - 

axm 

[umUjUk0 

9  | 

^xm 

c  9 

L3dlT - 

^xm 

3  , _ 

r  k  a 

-T— [umujUk0  +  umukuj6  +  un,e' 

(3.10) 


and  likewise : 


dk00  ~  C3d2 


dx„ 


■k  a 


"-“■Tar*9 


umuk-e2+2ura0.uk0 


(3.11) 


where  Cla  =  1/0.075  ,  C2a  =  0.5,  and  a  on  the  right-hand 
side  denotes  either  Uj  or  0. 


d000  ~  C 


■3d3 


3x. 


i,  ^  — " 

a 

_  _ _ 

K  O  .7 

it  ii  AJ 

3um®  e2 J 

[  m  "  e  axn 

^xm 

(3.12) 


Concerning  dissipative  processes,  the  proposals  advocated  by 

Dekeyser  &  Launder  (1985),  hereafter  referred  to  as  ‘DL’,  are  W0ere  G3di  =G3d2  =G3d3  =  0-1  -  Introduction  of  the 
retained  for  ekje  and  ekee  :  Kawamura  modification  in  modelling  the  above  processes 

significantly  improved  the  behaviour  of  Model  3. 
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Fig  1  The  variation  of  u262  from  the  GGDH  (Model  2)  compared  with  that  from  a  transport  equation,  (Model  3). 


4.  PRESENTATION  AND  DISCUSSION  OF  RESULTS 


Discussion  of  the  results  begins  with  computations  of  u202  . 
(with  x2  vertical).  In  the  early  phases  of  development,  Fig  la, 
both  the  GGDH  (Model  2)  and  transport-equation  models  of 
this  process  (Model  3)  show  a  similar  shape  across  the  flow, 
albeit  with  a  very  different  magnitude,  but,  by  10m,  Fig  lb,  the 
shape  itself  is  quite  different.  The  underlying  reason  for  this 
may  be  seen  in  Fig  2,  the  transport-equation  budget.  The  nearly 

antisymmetric  profiles  of  u202  given  by  the  GGDH  would 

also  have  been  generated  by  the  transport  equation  if  the 
dominant  terms  in  the  latter  had  been  a  balance  between 

(Pkee  +d  kee  )  on  the  one  hand,  and  the  corresponding  model  of 


the  pressure-containing  correlations 


— 02uk  -C2ePi 


kee  I 


on  the  other,  (viz.  equations  (3.3)  and  (3.5)).  From  solving  the 
transport  equation,  however,  one  finds  that  many  other 
processes  are  influential  including,  in  particular,  the  dissipation 
process  modelled  by  Eq(3.7). 


successful  at  capturing  their  variation  than  Model  2.  However, 
a  surprising  feature  is  that,  if  the  GGDH  is  applied  to  the  mean 
density  profile  to  obtain  the  u20  profile  directly  (Model  1), 
then  the  profile  of  the  density  flux  at  Xi  =  10  m  is  captured  at 
least  as  well  as  with  the  most  complex  treatment  (Model  3). 

The  consequent  effects  on  the  mean  salinity  profile  is,  in  fact, 
very  small  at  X]  =  10  m.  More  significant  differences  are 
evident  at  40  m  however,  shown  in  Fig  5.  Again  Models  1  and 
3  give  very  similar  results  while  the  conventional  second- 
moment  closure  leads  to  much  more  rapid  mixing.  The 
measured  salinity  profile  exhibits  a  variation  that  appears  to  be 
intermediate  between  these  two  patterns  of  mixing. 

Finally,  concerning  the  dynamic  field.  Models  1  and  3 
evidently  capture  the  variation  of  turbulent  shear  stress  (Fig  7) 
better  than  Model  2  (especially  Model  1  which  predicts  a 
Complete  collapse  of  turbulent  momentum  transport  in  the  upper 
half  of  the  channel)  but,  strangely,  the  mean  velocity  profile 
(Fig  6) ,  even  allowing  for  the  probable  secondary  motion  in  the 
data,  is  reproduced  better  with  Model  2. 


Fig  2  shows  a  partial  budget  of  u202  at  the  40m  station  where 
it  is  seen  that  ekee  acts  in  direct  opposition  to  the  pressure 
terms.  This  brief  paper  does  not  provide  an  opportunity  for 
examining  more  closely  how  the  triple-moment  equations 
should  be  closed.  However,  it  is  shown  that  decisions  taken  at 
this  level  may  very  substantially  affect  both  the  second-moment 
and  the  mean  profiles.  For  example,  as  a  result  of  this  much- 

reduced  diffusion  of  02  ,  the  density-variance  profiles  are 
appreciably  narrower  and  peakier,  Fig  3.  This  difference,  in 
turn,  helps  produce  a  strikingly  different  density  flux  profile 
shown  in  Fig  4.  Although  the  experimental  data  show 
substantial  scatter,  it  is  plainly  evident  that  Model  3  is  far  more 


5.  CONCLUSION 

Evidently,  for  problems  where  far-field  dispersal  of  pollutants 
in  stably  stratified  conditions  is  the  central  issue,  a  good  deal 
more  attention  must  be  given  to  how  the  diffusion  of  second 
moments  should  be  modelled.  While  the  present  research  has 
not  yet  offered  a  clear-cut,  optimum  closure  strategy,  it  is  of 
considerable  interest  that  applying  the  GGDH  directly  to  obtain 
the  density  fluxes  (Model  1)  produces  nearly  the  same  results  as 
the  far  more  complex  (partial)  S^-moment  closure,  Model  3. 
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U  i  [m  /  s]  at  x,=  40m 

Fig  6  The  streamwise  velocity  distribution 


u,u2[m2 /s2xl05j  atx,=  40m 
Fig  7  The  shear  stress  distribution 
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ABSTRACT 

The  results  on  modeling  processes  of  vertical  turbulent 
transport  in  the  planetary  boundary  layer  (PBL)  by  the 
new  triple  correlation  model  are  presented.  The  vertical 
flux  of  the  horizontal  turbulent  kinetic  energy  and  corre¬ 
lations  <*vi>,  <w20>  are  calculated  from  the  differential 
transport  equations,  whereas  other  triple  correlations  nec¬ 
essary  for  closure  are  found  from  algebraic  expressions. 
Computed  profiles  of  vertical  flux  of  the  horizontal  turbu¬ 
lent  kinetic  energy  and  skewness  factor  of  turbulent  verti¬ 
cal  velocity  fluctuations  Sw=<w3>/<w2>3/2  are  in  agreement 
with  observed  and  experimental  data:  positive  across  the 
whole  width  of  the  convective  PBL  including  the  surface 
layer.  This  result  follows  from  the  completely  algebraic 
models  for  the  triple  correlations  <w3>,  <w20>,  <wd2>  and 
<we'h>  derived  from  analysis  of  the  triple  correlations 
<K,i>  and  <w20>  budget. 


INTRODUCTION 

In  modeling  pollutant  dispersion  in  the  convective  PBL 
it  is  necessary  to  describe  correctly  the  skewness  factor  of 
turbulent  vertical  velocity  fluctuations  (Lamb,  1981).  The 
third-order  moment  models  (Andre  et  al.,1978;  Canuto  et 
al.,  1994;  Ilyushin  and  Kurbatskii,  1996)  used  at  present  can 
not  describe  in  agreement  with  experimental  data  behavior 
of  both  the  skewness  factor  Sw=<w3>/<w2>3/2  (w  is  a  verti¬ 
cal  velocity  fluctuation)  and  the  vertical  flux  of  the  turbu¬ 
lent  kinetic  energy  <wE’>  ( E'=l/2(u2+v2+w 2 )  and  u.v  are 
turbulent  fluctuations  of  horizontal  wind  velocity  compo¬ 
nents)  across  the  whole  width  of  the  PBL,  from  the  ground 
up  to  the  upper  boundary.  Moreover,  in  the  surface  layer 
the  calculated  skewness  factor  is  negative  in  contrast  with 
the  observed  data  of  Lenschow  et  al.(1980). 

In  the  new  suggested  model,  turbulent  vertical  momen¬ 
tum  and  heat  transport  emphasizes.  The  turbulent  vertical 
velocity  variance  <w2>  and  the  triple  correlations  <wi>, 
<w20>,  <we'h>  (e'h-l/2(u: W ))  are  calculated  from  the 


differential  transport  equations,  whereas  other  triple  corre¬ 
lations  necessary  for  closure  are  found  from  algebraic 
expressions.  In  the  transport  equations  for  the  triple  corre¬ 
lations  <K,J>  and  <w<20>,  the  cumulants  C4w=<w4>-3<w2>2 
and  C4g=<w3  0>-3<w2  ><w2  0>  are  not  equal  zero  as  it  fol¬ 
lows  from  Millionshchikov’s  quasinormality  hypothesis, 
but  found  from  the  algebraic  equations. 


BASIC  DIFFERENTIAL  EQUATIONS  FOR  VERTICAL 
TURBULENT  TRANSPORT 

The  model  of  turbulent  transport  in  the  PBL  homoge¬ 
neous  in  the  horizontal  plates  (Ilyushin  and  Kurbat¬ 
skii,  1996)  includes  equations  for  the  mean  wind  compo¬ 
nents  U  and  V,  mean  potential  temperature©,  its  disper- 
sion<#2>,  vertical  <w2>  and  horizontal  eh  (eh=<e’h> ) 
components  of  the  turbulent  kinetic  energy,  and  its  dissi¬ 
pation  s.  The  shear  components  of  the  Reynolds  stress 
tensor  <u/Uj>  ,  horizontal  components  of  the  turbulent 
kinetic  energy  <u2>  and  <v2>  as  well  as  heat  flux  <uf0>  are 
calculated  by  the  gradient  transport  models  (GTM)  taking 
into  account  both  anisotropy  of  turbulent  transport  and 
dependence  of  the  turbulence  time  scale  on  the  Brunt  -  Vais 
ala  frequency  N  (N2~Pgd&  /dz).  The  use  of  the  GTM  for 
moments  <w3>  and  <wE’>  results,  as  it  is  shown  by  Ilyu¬ 
shin  and  Kurbatskii  (1996),  in  their  qualitatively  incorrect 
behavior  in  the  surface  layer,  whereas  for  the  correlation 
<wG  2>  it  gives  adequate  results  (Ilyushin  and  Kurbat¬ 
skii, 1996;  Lenschow  et  al.,1980;  Moeng  and  Wyn- 
gaard,1989).  In  the  new'  model  there  are  used  for  calculat¬ 
ing  the  correlations  <w02>  and  <0S>  the  GTMs  derived 
from  the  corresponding  differential  transport  equations  in 
the  stationary  case: 

.  Q  2  *  2  d  <  02  >  5<W’0> 

<  w0  >= - <  w  > - +2<w0  > - 

cj  dz  dz 
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where  T=E/e  is  the  turbulence  (decay)  time  scale,  fi  is  the 
mean  coefficient  of  thermal  expansion,  g  is  the  acceleration 
of  gravity,  c7  and  cw  are  the  model  constants.  Eliminating 
<03>  from  set  (1),  the  equation  for  <w02>  can  be  written 
as 
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In  correct  description  of  the  triple  correlation  behavior  in 
the  stable  stratified  area  of  the  PBL,  the  relaxation  time 
scale  r?  calculated  taking  into  account  the  Kolmogorov 
spectra  of  turbulent  fluctuations  depends,  as  it  is  shown  by 
Weinstock  (1989),  on  the  Brunt  -  Vaisala  frequency  as: 


where  t3= - — — - . 

1 +3r  A'" /(c7  q0) 


The  time  scale  T3  in  (2)  takes  account  of  turbulent  fluctua¬ 
tion  damping  in  the  stable  stratified  area  of  the  PBL 
(Weinstock,  1989). 

I’he  correlations  <e'hw>,<w3>,  and  <w2&>  are  calculated 
from  the  transport  equations: 
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where  Zj  is  the  "retum-to-isotropy"  time  scale.  The  triple 
pressure  containing  correlations  are  modeled  as  "retum-to- 
isotropy"  terms.  The  equation  for  <e'hw>  is  written  with 
using  Millionshchikov's  quasinormality  hypothesis  to  ex¬ 
press  the  fourth-order  moments  through  the  second-order 
ones.  The  correlations  < uw2> ,  < vw,2> ,<e'hw>,<uw&>,  and 
<vw’#>  are  calculated  by  the  GTM: 
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[0  when  A^2  <  0 
[l  when  N2  >0 


(5) 


For  coordinated  triple  correlations  damping  in  the  stable 
stratified  area  of  the  PBL,  the  condition  ?j=r3  at  N2>  0 
must  be  satisfied.  From  this  condition,  the  relation 
cl0=54/( m7)  between  the  coefficients  follows.  The  value  of 
coefficient  c7  used  in  papers  of  different  authors  changes 
from  5  to  12.  In  the  present  work,  it  is  taken  c7=6,5  as  the 
result  of  numerical  optimization  of  the  model:  the  profiles 
of  <E“w>  and  <w3>  calculated  by  the  new  model  were 
compared  with  the  observed  data. 

The  use  of  Millionshchikov's  quasinormality  hypothesis 
for  closing  the  triple  correlation  transport  equations  does 
not  yield  physically  correct  description  of  the  correlation 
behavior  in  the  PBL  as  well  as  in  modeling  the  pollutant 
dispersion  from  the  point  sources  in  homogeneous  turbu¬ 
lence  (Deardorff,1978).  To  develop  necessary  mechanism 
for  the  triple  correlations  damping,  it  was  suggested  by 
Deardorff  (1978)  to  modify  the  cumulantless  approxima¬ 
tion  by  adding  the  diffusion  term  "to  downgradient"  to  the 
common  model  quasinormal  expression  for  the  quadruple 
correlation.  That  idea  was  used  in  this  work  also,  with  the 
differential  transport  equations  for  <h,2>  and  <w4>  being 
solved.  In  the  transport  equation  for  <w‘#>,  the  fifth-order 
moment  is  expressed  through  the  second-  and  third-order 
ones  by  the  relation  <w5>-10<w3 ><w2>  following  from 
Gram-Charlier  series  expansion  of  the  probability  density 
function  of  the  turbulent  velocity  field  and  their  following 
truncation  on  the  fourth-order  terms.  The  series  conver¬ 
gence  for  the  probability  density  function  of  the  turbulent 
velocity  field  in  the  boundary’  layer  under  a  plane  was 
shown  by  Jovanovic  et  al.(1993).  Thus,  the  equation  for  the 
cumulant  C4w  in  the  high  Reynolds  number  approximation 
and  buoyancy  effect  disregard  can  be  written  as 
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With  the  relaxation  model  applying  to  the  cumulant  of  the 
pressure  containing  correlation  (the  terms  in  the  braces),  it 
is  possible  to  derive  from  (6)  the  algebraic  model  for  the 
cumulant  C4w  in  the  stationary  case: 
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In  the  same  way,  the  model  for  the  mixed  cumulant  C4g  is 
derived: 
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Equations  (7)  and  (8)  close  set  (3).  Testing  models  (7)  and 
(8)  showed  that  buoyancy  effects  do  not  influence  noticea¬ 
bly  on  the  calculated  profiles  of  the  correlations  <wi>  and 
<Mr  6  >  if  the  correlations  <w02>  and  <03>  are  calculated 
from  the  differential  transport  equations  and  the  correla¬ 
tions  <wJ>  and  <w20  >  are  found  by  the  GTM,  as  it  is 
suggested  in  the  new  triple  correlation  model. 

The  realizability  conditions  derived  from  generalized 
Schwarz'  inequalities  for  the  triple  covariance  of  the  verti¬ 
cal  turbulent  velocity  is  the  following  (Andre  et  al.,1976): 

<w4>  >  <w3  >2 /<w2  >  +  <w2  >2.  (9) 


Necessary  relaxation  of  the  correlation  <wi>  by  Andre  et 
al. (1976, 1978)  is  achieved  by  clipping  its  value  ("clipping 
approximation")  with  the  use  of  inequality  (9)  in  which 
<M’  >=3<w  >  ( the  quasinormality  hypothesis)  is  assumed. 
It  is  possible  to  note,  that  such  procedure  is  not  physically 
correct.  Taking  into  account  (9),  more  strong  the  inequality 
for  the  cumulant  can  be  written: 

C4m,>  <  w3  >2  /  <  w2  >  (10) 


z/z 


Condition  (10)  is  used  to  estimate  the  value  of  the  coeffi¬ 
cient  ck  in  (7)  and  (8).  For  this,  there  is  considered  decay  of 
homogeneous  turbulence  satisfying  the  following  relations: 

<  w>2  >=<  w2  >0  exp (~t*) 

<  w3  >=<  h-3  >0  exp(-c7/*),  (11) 

C4m,  =  C4mjq  expf-q.  t  ), 

*  * 

where  f  is  transformed  time  (dt  =dt/T).  Then,  it  follows 
from  (10)  taking  into  account  (1 1)  that  Ck<2c7  -  1.  From 
the  Gram  -  Charlier  series  convergence,  the  additional 
condition  for  the  coefficients  run  out  1  <c7  <  Ck.  Estimate 
for  ck  is  written  as  c7  <  ck  < 2c  7  -  1.  In  calculations  the 
upper  value  of  this  estimate  ck  =  2c7  -  1  is  used.  Decreas¬ 
ing  the  coefficient  Ck  value  causes  decreasing  maximum 
values  of  the  correlations  <w3>  and  <wE’>. 


Fig.  1.  The  normalized  budget  of  <w3>-  equation  (a)  and 
<w20  >-  equation  (b):  1  -  turbulent  diffusion  cC/dz,  1  - 
second-order  moment  gradient  production,  3  -  buoyant 
production,  4  -  pressure-correlation  effects,  5  -  temperature 
gradient  production. 


ALGEBRAIC  MODEL  FOR  TRIPLE  CORRELATIONS 

Model  (l)-(5)  for  the  third-order  moments  in  which  verti¬ 
cal  transport  is  emphasized,  i.e.,  triple  correlations  <w3>, 
<E'w>  and  <m‘  0>  are  calculated  from  the  differential 
transport  equations,  is  more  simple  than  the  model  of  An¬ 
dre  et  al.(1978)  in  which  all  triple  correlations  are  calcu¬ 
lated  from  the  transport  equations.  However,  model  (l)-(5) 
also  needs  large  computer  time  to  calculate  evolution  of  the 
PEL.  For  practical  applications,  for  example,  modeling  of 
pollutant  dispersion  in  the  PBL,  the  completely  algebraic 
model  possessing  main  properties  of  model  (l)-(5)  in  accu¬ 
racy  of  prediction  of  the  third-order  moments  over  the 
whole  PBL  thickness,  from  the  ground  to  the  upper 
boundary,  would  be  more  preferable. 

Analyzing  behavior  of  the  calculated  balance  terms  (Fig.l 
a,b)  in  the  equations  <w3>  and  <w20>  in  (3),  the  following 
local  balance  relations  can  be  written: 
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As  show'll  by  Lenschow  et  al.(1980),  the  correlation  <w6~> 
is  calculated  correctly  by  the  gradient-type  diffusion  model. 
However,  it  overpredicts  near  the  inversion  layer: 
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To  correct  this  failure,  the  relaxation  time  scale  must  be 
taken  in  form  (5)  to  damp  turbulence  in  the  inversion  layer 
area  (Wcinstock,1989).  From  (12)  and  (13),  the  following 
expressions  for  <w2  6  >  and  <w3>  are  derived: 
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c8 
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where  is  determined  from  (5).Substation  of  (14)  in  (15) 
yields  the  algebraic  expression  to  calculate  the  correlation 

<w20>: 
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As  test  have  shown,  to  calculate  correctly  the  correlation 
<w20  >  over  the  whole  PBL  thickness,  behavior  of  time 
scale  r/  and  r_j  must  be  compatible: 


4  Tt 
c7c g  18 


The  value  of  the  coefficient  cs-72/(n  c7)  «  2.5  is  deter¬ 
mined  from  condition  (19)(  c7  -  6.5  as  in  model  (l)-(5)). 
Assuming  c7=  c8  =  8.0  (Andre  et  ah, 1978),  behavior  of  t3 
proves  to  be  in  disagreement  with  that  of  T3 ,  and,  as  conse¬ 
quence,  the  profile  <w20  >  is  calculated  incorrectly. 

To  calculate  a  vertical  flux  of  the  horizontal  turbulent 
kinetic  energy  <we'h  >,  the  simple  gradient -type  diffusion 
model  can  be  used: 

<  we'h  >=  -0J25t3£  .  (20) 

dz 

Equations  (14), (16), (17)  and  (20)  form  the  algebraic  model 
for  the  third-order  moments  of  vertical  turbulent  transport. 


Fig.  2.  The  profiles  of  turbulent  kinetic  energy  vertical 
flux:  solid  line  -  calculated  by  the  model  presented  in 
this  work(l  -  the  differential  model  and  2  -  the  alge¬ 
braic  model),  dashed  line  -  calculated  by  Andre  et 
al.(1978),  dash-dotted  line  -  LES  data  of  Moeng  and 
Wyngaard  (1989),  ♦  -  experimental  data  of  Willis  and 
Deardorff  (1974),  .A,X, □  ,0,0, V,  A  _  ob_ 

served  data  of  Lenschow  et  al.(1980). 


Fig.  3.  The  profiles  of  correlation  <w3>,  lines  and  symbols 
as  fig.  2;  dotted  line  -  calculated  by  Canuto  et  al.(1994). 

RESULTS  OF  CALCULATION 

The  calculated  profiles  of  the  vertical  turbulence  energy 
flux  <E\v>  and  the  triple  velocity  correlation  <w  > 
(w.=(Pg2jQ0) 1/3  -  is  the  velocity  scale  in  the  PBL,  Q0  is 
turbulent  heat  flux  on  the  surface,  2,  is  the  height  of  the 
inversion  layer)  across  the  whole  width  of  the  PBL  are 
shown  in  Figs.  2-3  by  solid  lines  (1  -  the  differential  model 
and  2  -  the  algebraic  model).  Calculations  correspond  to  4 
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Fig.  4.  Profile  of  the  vertical  flux  of  turbulent  convective 
flux,  lines  and  symbols  as  fig.2.  Dashed  line:  calculated  by 
Sun  and  Ogura  (1980). 


Fig.  5.  The  profile  of  correlation  <w62>,  lines  and 
symbols  as  fig.  4. 


p.m.  (the  developed  the  PBL).  The  dots  of  different  con¬ 
figurations  show  the  observed  data  as  well  as  the  experi¬ 
mental  ones.  Moreover,  the  vertical  profile  of  <E'w>  calcu¬ 
lated  by  Andre  et  al.(1978)  is  given  by  dashed  line.  It  is 
seen,  that  the  triple  correlation  profiles  calculated  by  the 
new  model  are  positive  across  the  whole  PBL  including  the 
surface  layer.  The  observed  data  of  Lenschow  et  al.(l 980) 
lie  in  large  range  and  the  experimental  data  of  Willis  and 
Deardorff  (1974)  correspond  to  the  PBL  without  mean 
wind.  Differences  between  the  profiles  of  <E'w>  calculated 
by  the  new  model  and  the  one  suggested  by  Andre  et 
al.(1978),  when  all  correlations  up  to  the  triple  ones  were 
found  from  the  prognostic  differential  transport  equations, 
are  negligible. 


The  profiles  of  the  triple  correlations  <w20>  and  <w02> 
across  the  layer  height  which  were  calculated  by  models  (2) 
and  (3)  as  well  as  the  observed  data  of  Lenschow  et 
al.(1980)  are  shown  in  Figs.  4-5.  It  is  possible  to  note  that 
in  the  lower  part  of  the  mixed  layer  behavior  of  <w2&> 
calculated  by  the  new  model  correspond  qualitatively  cor¬ 
rectly  to  the  observed  data,  because  in  the  equation  for 
<w02>  in  (3)  there  is  the  term  <w3>d0/dz.  To  ignore  this 
term  (Sun  and  Ogura,  1980)  leads  to  qualitatively  incorrect 
behavior  of  <w20  >  in  the  lower  part  of  the  PBL  (dotted 
line  in  Fig.  4).  For  comparison  on  Figs.2-5  there  are  shown 
also  LES  data  of  Moeng  and  Wyngaard  (1989)  and  on 
Fig.3  the  profile  <w3>  calculated  by  Canuto  et  al.(1994)  in 
the  shearless  convective  PBL.  One  can  see,  the  profile  <wJ> 
in  area  of  the  surface  layer  is  negative.  It  should  be  noted 
that  there  is  difference  in  behavior  of  the  vertical  flux 
<wE'>  near  ground  when  it  is  calculated  by  model  (l)-(5) 
and  by  algebraic  one  (Fig.2).  Model  (20)  does  not  take  into 
account  the  influence  of  mean  wind  gradient  explicity. 
However,  the  results  obtained  by  both  models  (Figs.  2-5) 
do  not  differ  significantly  and,  therefore,  the  new  algebraic 
model  for  the  third-order  moments  <wJ>,  <w20  >,  <w02> 
and  <we'h>  allows  us  to  parametrize  vertical  turbulent 
transport  with  satisfactory  accuracy:  the  calculated  corre¬ 
lation  <ws>  and  <wE’>  are  positive  over  the  whole  PBL 
thickness,  including  the  surface  layer.  In  comparison  with 
differential  model,  the  algebraic  model  has  high  computa¬ 
tional  efficiency. 


CONCLUSIONS 

Thus,  the  new  model  for  the  triple  correlations  gives  the 
profiles  <m  '?>  and  <E'w>  positive  in  the  whole  width  of  the 
PBL  including  the  surface  layer  without  using  physically 
incorrect  procedure  of  "clipping  approximation"  (Andre  et 
al.,  1976,1978)  for  the  triple  correlation  values.  Computing 
efficiency  of  the  new  model  is  achieved  by  means  of  mini¬ 
mized  calculation  of  the  triple  correlations  from  the  differ¬ 
ential  transport  equations.  To  physically  correct  descrip¬ 
tion  of  vertical  transport,  it  is  necessary  to  solve  three 
transport  equations  for  the  triple  correlations  <wJ>, 
<w‘9>,  and  <e'hw>.  All  other  triple  correlations  necessary 
to  closure  are  calculated  by  the  GTM.  New  algebraic 
model  for  the  triple  correlations  of  vertical  turbulent  trans¬ 
port  in  the  PBL  predicts  with  satisfactory  accuracy  the 
positive  profiles  of  <w*>  and  <wE’>  over  the  whole  PBL 
thickness,  including  the  surface  layer,  and  can  be  used  for 
parametrization. 

This  work  was  financially  supported  by  the  Russian 
Foundation  for  Basic  Research  (Grant  N  96-05-64007). 
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ABSTRACT 

The  analysis  of  mixing  in  stably-stratified  fluids  pro¬ 
posed  by  Winters  et  al.  (1995)  has  been  applied  to  high 
resolution  direct  numerical  simulations  of  a  shear  layer  per¬ 
formed  by  Staquet  (1994,  1995).  Winters  et  al.  proposed 
to  define  the  mixing  efficiency  from  the  diffusive  flux  across 
the  isopycnals,  for  which  they  derive  an  analytical  expres¬ 
sion,  instead  of  using  the  advective  buoyancy  flux  (as  this  is 
usually  done  in  oceanography).  Both  definitions  are  com¬ 
pared  in  the  present  work.  These  definitions  become  close 
during  the  later  stage  of  the  flow  only,  when  the  dynamics 
are  weakly  nonlinear.  The  value  of  mixing  efficiency  then 
compares  very  well  with  that  found  in  the  oceanic  ther- 
mocline.  When  the  flow  dynamics  are  strongly  nonlinear 
by  contrast,  only  the  definition  based  upon  the  diffusive 
flux  is  able  to  provide  an  instantaneous  estimate  of  mixing 
efficiency,  as  it  remains  strictly  positive. 

INTRODUCTION 

In  a  stably-stratified  fluid,  mixing  ultimately  involves  the 
smallest  scales  of  the  flow,  at  which  molecular  processes 
are  acting.  A  precise  and  direct  measurement  of  vertical 
mixing  seems  to  be  difficult  in  laboratory  experiments  for 
instance.  Even  in  the  academic  situation  of  mixing  across  a 
sharp  density  interface  between  two  fluids,  respectively  at 
rest  and  perturbed  by  an  oscillating  grid,  no  conclusion  can 
be  drawn  for  the  entrainement  law,  which  caracterizes  the 
rate  of  mixing  (Fernando  1991).  One  reason  is  very  likely 
that  mixing,  though  occurring  at  dissipative  scales,  is  con¬ 
trolled  by  large  scale  processes.  More  generally,  the  rela¬ 
tion  between  flow  dynamics  and  mixing  is  an  open  question 
and  most  studies  of  mixing  first  aim  at  estimating  whether 
mixing  is  weak  or  strong  compared  to  molecular  diffusion. 
This  will  also  be  the  purpose  in  the  present  study. 

We  shall  first  present  a  new  definition  of  mixing  ef¬ 
ficiency,  based  upon  previous  works  by  Lorenz  (1955), 
Thorpe  (1977)  and  Winters  et  al.  (1995).  The  work  by 
Winters  et  al.  contains  the  key  for  such  a  definition,  in 
providing  an  analytical  expression  for  the  diffusive  flux  of 
scalar.  This  work  will  next  be  applied  to  a  shear  layer  sub¬ 


jected  to  a  strong  stratification,  whereof  dynamics  have- 
been  obtained  by  two-dimensional  direct  numerical  simu¬ 
lations  of  high  resolution  (Staquet  1994,  1995). 

DIFFUSIVE  VERSUS  ADVECTIVE  FLUX  OF 
DENSITY 

The  analysis  of  mixing  we  shall  used  is  based  upon  a  few 
fundamental  ideas. 

In  a  stably-stratified  fluid,  energy  is  required  to  mix  the 
fluid:  kinetic  energy  is  required  to  raise  heavy  fluid,  thus 
producing  potential  energy. 

Only  a  part  of  this  potential  energy  is  used  to  mix  the 
fluid.  The  other  part  is  reversibly  converted  into  vertical 
kinetic  energy,  and  is  usually  referred  to  as  the  available 
potential  energy,  Ea.  The  part  of  potential  energy  asso¬ 
ciated  with  mixing,  the  background  potential  energy  Eb, 
is  the  minimum  potential  energy  of  the  fluid.  Indeed,  let 
us  consider  a  turbulent  flow  subjected  to  a  stable  stratifi¬ 
cation.  When  all  fluctuations  have  ceased,  for  instance  by 
viscous  dissipation  or  because  these  fluctuations  were  asso¬ 
ciated  with  internal  waves  that  have  propagated  away,  the 
fluid  has  returned  to  rest  and  its  potential  energy  is  Eb .  It 
is  minimum  in  the  sense  that  any  density  fluctuation  will 
make  it  increase.  It  is  not  available  in  the  sense  that  any 
fluid  particle  has  reached  its  minimum  level  and  cannot  be 
displaced  further  downwards. 

In  general,  Eb  is  not  simply  the  potential  energy  of 
a  horizontally  averaged  density  profile.  Rather,  Eb  is 
the  potential  energy  of  a  ’’sorted”  density  profile.  These 
ideas  go  back  to  Lorenz  (1955)  and  have  been  applied  to 
one-dimensional  experimental  density  profiles  by  Thorpe 
(1977).  In  the  latter  case,  the  sorted  profile  is  obtained 
by  sorting  the  fluid  parcels  so  that  the  heaviest  one  has 
the  lowest  altitude  and  the  lightest  one  occupies  the  high¬ 
est  altitude.  Thus,  the  sorted  profile  is  stable.  Winters  et 
al.  (1995)  and  Winters  &  d’Asaro  (1996)  have  provided 
a  mathematical  framework  to  extend  these  ideas  to  three 
dimensions. 

Their  analysis  provides  an  analytical  expression  for  the 


20-25 


rate  of  change  of  the  background  potential  energy: 


dEb  , 

(i) 

W2f>, 

dz» 

(2) 

where  ( )  denotes  a  volume  average.  3v  is  the  diffusive  flux 
of  density  (more  generally,  of  scalar).  This  flux  can  only 
occur  across  the  isopycnals  (or  constant  density  surfaces) 
and  is  thus  a  diapycnal  diffusive  flux,  dp/ dz »  is  the  vertical 
gradient  of  the  sorted  density  profile  p(z*),  with  z.(x,  y,  z) 
denoting  the  position  in  the  sorted  profile  of  the  fluid  par¬ 
cel  located  at  position  ( x,y,z ).  k  and  g  respectively  refer 
to  the  diffusion  coefficient  for  density  changes  and  to  the 
acceleration  of  gravity.  Since  the  sorted  profile  is  stable, 
equation  (2)  implies  that  $d  is  strictly  positive.  Hence,  the 
potential  energy  associated  with  mixing  can  only  increase 
from  equation  (1),  which  is  physically  correct. 

The  importance  of  the  diapycnal  diffusive  flux  stems 
from  the  fact  that,  in  the  ocean,  the  diapycnal  flux  is 
usually  estimated  by  g(p'w')  that  is,  by  the  downgradi- 
ent  advective  flux  of  density  (e.g.  Gregg  1987).  This  flux 
being  unknown,  one  model  proposed  by  Osborn  &  Cox 
(1972)  assumes  that,  for  a  homogeneous  and  steady  flow, 
the  downgradient  advective  flux  is  balanced  by  the  dissi¬ 
pation  rate  of  density  fluctuations,  which  cam  be  estimated 
from  microstructure  measurements.  This  balance  writes: 


{pw') 


.(IVpf) 

'  ' 

dz 


(3) 


In  such  a  model,  the  vertical  gradient  of  the  mean  density 
profile  is  assumed  to  be  larger  than  the  vertical  scale 
at  which  turbulent  motions  occur  and  is  thus  constant.  As 
investigated  by  Davis  (1994)  for  instance,  this  balance  is 
approximate.  Also,  dp/dz  can  be  of  either  sign  so  that 
(p'w')  is  not  strictly  positive. 

Mixing  is  usually  caracterized  by  a  mixing  efficiency  co¬ 
efficient.  This  coefficient  is  defined  by  the  total  diapycnal 
flux  (i.e.  the  rate  of  increase  of  potential  energy  associated 
with  mixing)  relative  to  the  rate  of  input  of  energy  to  the 
fluid.  When  the  flow  is  not  forced,  the  dissipation  rate 
of  kinetic  energy  is  rather  used.  In  the  ocean,  the  mixing 
efficiency  is  defined  by 


7 a  = 


(PW) 


(4) 


direction  and  z  points  upwards.  We  study  a  temporal  shear 
layer,  that  is,  a  flow  which  is  statistically  uniform  in  the 
horizontal  plane  and  develops  in  time.  We  assume  that  the 
fluid  motion  is  described  by  the  two-dimensional  Navier- 
Stokes  equations  in  the  Boussinesq  approximation: 

^  +  JacM)  =  fQ^  +  ^  (6) 

^  +  Jac(p,tp )  =  kVV 

ip  is  a  stream  function  related  to  the  velocity  field  by 
u  =  —dxp/dz,  w  —  dtp/dx.  The  vorticity  field  has  only 
one  component  in  this  two-dimensional  situation,  along 
the  spanwise  direction,  and  is  related  to  ip  by  ut  =  —A ip. 
As  well,  the  baroclinic  torque,  which  only  involves  density 
gradients  in  the  Boussinesq  approximation,  is  simply  pro¬ 
portional  to  the  streamwise  gradient  of  the  density  field  p. 
Jac  denotes  the  Jacobian  function  and  v  is  the  kinematic 
viscosity. 

We  decompose  p  as  p(x,  z,  t)  =  po  +  p(z,  t)  +  p(x,  z,t), 
where  po  is  a  constant  density  reference,  ~p(z,  t)  is  the  mean 
(horizontally  averaged)  density  and  p1  is  the  deviation  from 
the  mean.  The  initial  mean  velocity  and  mean  density 
profiles  are  similarity  solutions  of  the  viscous  Boussinesq 
equations: 
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No  density  perturbation  is  superposed  initially  upon  the 
mean  density  profile.  By  contrast,  a  two-dimensional  per¬ 
turbation  is  superimposed  upon  the  mean  velocity  field  at 
t  =  0,  in  order  to  promote  the  development  of  the  Kelvin- 
Helmholtz  instability.  For  boundary  conditions,  we  assume 
that  the  flow  is  periodic  in  the  streamwise  direction,  and 
at  the  horizontally  oriented  boundaries  take  free  slip  con¬ 
ditions  on  the  velocity. 

Equations  (6)  have  been  solved  numerically  in  dimen¬ 
sionless  form.  The  length  and  velocity  scales  are  <5,  and  U 
respectively  and  time  is  made  dimensionless  using  the  ad¬ 
vective  time  scale  Si/U.  The  density  is  scaled  by  Ap/2. 
With  this  scaling,  the  dimensionless  parameters  which 
come  into  play  in  the  equations  are:  Re,  the  Reynolds 
number,  initially  equal  to  U6i/u;  the  minimum  Richard¬ 
son  number,  whose  expression  at  t=0  is 


(p'w1)  being  estimated  by  the  model  of  Osborn  &  Cox.  We 
propose  to  rather  define  this  coefficient  as: 

3V  .  . 

7  d  =  - - - ,  (5) 

4? iam  being  the  diffusive  flux  due  to  molecular  effects  only, 
in  the  absence  of  density  fluctuations:  this  flux  corresponds 
to  a  laminar  diffusive  flux.  Thus,  4V  —  represents 

the  diffusive  flux  due  to  density  fluctuations  only  and  cor¬ 
responds  to  the  diapycnal  turbulent  diffusive  flux.  Since 
<t>d  —  $(arn  is  strictly  positive,  7 d  is  also  positive.  Thus, 
in  addition  to  provide  a  physically  more  consistent  defini¬ 
tion  of  mixing  efficiency,  (5)  also  provides  an  instantaneous 
estimate  for  this  efficiency. 

DIRECT  NUMERICAL  SIMULATIONS  OF  A 
TWO-  DIMENSIONAL  STABLY-STRATIFIED 
SHEAR  LAYER:  NUMERICAL  MODEL  AND 
FLOW  DYNAMICS 


T  Ap  y/~Pr  6i 


(8) 


and  the  Prandtl  number  Pr  =  v/k  (which  has  the  constant 
value  of  0.7).  Three  calculations  will  be  presented,  with 
values  of  the  set  of  parameters  ( J,  Re)  equal  to 

•  run  Rl:  ( J,Re )  =  (0.083, 1000) 

•  run  R2:  ( J,Re )  =  (0.167,1000) 

•  run  R3:  (J,  Re)  =  (0.167,2000). 

Equations  (6)  have  been  solved  using  a  pseudo-spectral 
method  (e.g.  Canuto  et  al.  1988):  the  spatial  derivatives 
are  computed  in  Fourier  space  while  the  nonlinear  terms 
are  computed  in  physical  space.  Along  the  vertical  direc¬ 
tion  where  free  slip  boundary  conditions  are  imposed,  the 
use  of  Fourier  transforms  is  made  possible  by  symmetriz¬ 
ing  the  velocity  components  and  the  density  field  about  the 
z-boundary  (Orszag  1971,  Appendix  II):  On  the  doubled 
domain,  u  is  expanded  in  a  cosine  series  in  z  and  w  and  p  in 
a  sine  series  in  z,  which  enforces  the  boundary  conditions. 


Equations  of  motions  and  numerical  method 

Let  ( x,y,z )  be  a  Cartesian  coordinate  system  where  x 
is  in  the  direction  of  the  mean  flow,  y  in  the  spanwise 


Overall  flow  dynamics 

The  detailed  evolution  of  the  three  runs  mentioned  above 
has  been  described  in  Staquet  (1994,  1995)  and  only  the 
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stages  of  interest  for  the  study  of  mixing  will  be  recalled 
here. 

The  shear  layer  is  strongly  stratified  (especially  for  J  = 
0.167)  but  still  unstable.  The  Kelvin-Helmholtz  instability 
thus  grows  but  yields  Kelvin-Helmholtz  vortices  of  weaker 
circulation  than  in  the  unstratified  case.  This  instabil¬ 
ity  saturates  at  about  t  =  50.  The  strong  stratification 
yields  thin  layers  associated  with  sharp  vertical  gradients 
of  density  and  velocity,  located  in  between  the  Kelvin- 
Helmholtz  vortices.  These  layers,  refered  to  as  ’baroclinic 
layers’  in  Staquet  (1995),  may  become  unstable,  in  particu¬ 
lar  through  secondary  small  scale  Kelvin-Helmholtz  insta¬ 
bilities  (at  t  ~  85).  In  the  three  calculations  we  present  in 
this  paper,  only  in  run  R3  do  these  secondary  instabilities 
develop  (figure  la).  For  the  purpose  of  mixing  study,  these 
calculations  have  been  pursued  over  a  much  longer  time 
(more  than  300  time  units),  up  the  time  the  small  scale 
fluctuations  have  been  weakened  by  diffusion  (figures  lb 
and  lc). 

DIRECT  NUMERICAL  SIMULATIONS  OF  A 
TWO-  DIMENSIONAL  STABLY-STRATIFIED 
SHEAR  LAYER:  ANALYSIS  OF  MIXING 

Sorted  versus  horizontally  averaged  density  profile 

The  analysis  of  mixing  proposed  by  Winters  et  al.  (1995) 
and  Winters  &  d’Asaro  (1996)  relies  on  a  sorted  density 
profile  p(z»),  whereof  potential  energy  is  minimum.  The 
sorted  profile  for  run  R3  is  compared  to  the  horizontally 
density  profile  ~p(z)  in  figure  2a,  at  the  times  figures  la 
and  lb  are  plotted.  At  t  =  85,  the  two  profiles  strongly 
differ:  the  sorted  profile  is  stable,  par  construction,  while 
the  mean  profile  displays  a  strong  overturning  about  the 
center  of  the  layer.  Thus  its  vertical  gradient  is  not  one- 
signed.  At  t  =  360,  the  mean  profile  has  also  become  stable 
(figure  2b).  However,  it  does  not  account  for  the  mixing 
of  density  about  the  center  of  the  layer.  Only  the  sorted 
profile  accounts  for  this  behavior. 

Quantitative  estimate  of  the  diapycnal  diffusive  flux 
The  total  diffusive  flux  is  compared  to  the  laminar  dif¬ 
fusive  flux  i'lam  in  figure  3.  No  density  fluctuations  is 
present  at  t  =  0  so  that  $d/$iam  is  equal  to  1  initially. 
This  ratio  next  increases  and  displays  a  first  maximum 
about  t  =  50,  when  the  Kelvin-Helmholtz  instability  satu¬ 
rates.  This  maximum  has  the  greatest  value  for  the  weakest 
stratified  flow,  because  the  vertical  extent  of  the  Kelvin- 
Helmholtz  vortex  is  the  highest  then.  Thus,  the  larger  the 
vertical  scale  of  the  instability,  the  higher  the  (instanta¬ 
neous)  diapycnal  flux  is.  This  point  is  reinforced  by  the 
fact  that,  for  a  given  value  of  J,  a  higher  Reynolds  number 
(and  thus  a  lower  viscosity  but  a  larger  vertical  extent  of 
the  instability)  promotes  a  higher  value  of  $d/&iam-  For 
run  Rl,  next  decreases  down  to  a  value  slightly 

greater  than  1.  By  contrast,  this  ratio  for  run  R3  keeps 
increasing  beyond  the  first  maximum  at  t  —  50,  because 
of  secondary  small  scale  instability.  No  such  instability 
occurs  in  run  R2,  and  the  maximum  value  reached  by 
&d/$iam  is  the  smallest  in  this  calculation.  In  all  three  cal¬ 
culations,  3>d/$(am  eventually  decays  smoothly,  reaching  a 
value  slightly  larger  than  1.  This  attests  of  the  presence 
of  weak  density  fluctuations  compared  to  the  background 
density. 

Diffusive  and  advective  density  fluxes:  comparison 
The  turbulent  diffusive  flux  of  density  «I>d  —  $;OTO  is  com¬ 
pared  to  the  advective  flux  of  density  (pw)  in  figure  4,  for 
run  R3  only.  An  analogous  behavior  is  observed  for  runs 
Rl  and  R2. 


As  expected  from  an  advective  flux,  (pw)  displays  os¬ 
cillations  of  large  amplitude  about  zero.  By  contrast,  the 
turbulent  diffusive  flux  is  one-signed,  by  construction.  It 
is  interesting  to  note  that,  when  density  fluctuations  have 
weakened  at  the  end  of  the  calculation,  both  quantities 
become  of  the  same  order.  Only  at  the  end  of  the  calcula¬ 
tions,  therefore,  do  7a  and  7 <*,  respectively  defined  by  (4) 
and  (5),  become  close. 

Instantaneous  mixing  efficiency 

7 d  defined  by  (5)  is  plotted  for  runs  Rl ,  R2  and  R3  in  figure 
5.  This  coefficient  starts  from  zero,  because  4><j  =  at 
initial  time,  and  strongly  increases  next,  as  the  Kelvin- 
Helmholtz  instability  develops.  7 d  reaches  an  absolute 
maximum  value  for  run  Rl  at  t  ~  50,  which  is  the  highest 
value  of  the  three  runs  because  the  vertical  extent  of  the 
instability  is  the  largest,  as  noted  above.  For  runs  R2  and 
R3,  which  only  differ  by  the  value  of  the  Reynolds  num¬ 
ber,  7 d  reaches  the  same  value  when  the  Kelvin-Helmholtz 
instability  saturates,  at  t  ~  50.  This  value  is  three  times 
lower  than  for  run  Rl.  The  occurence  of  secondary  insta¬ 
bilities  in  run  R3  is  next  responsible  for  a  further  increase 
of  7 d  but  the  level  reached  for  run  Rl  is  not  attained. 

As  the  small  scale  instabilities  are  progressively  weak¬ 
ened  by  diffusion,  7 d  decays.  An  asymptotic  value  seems 
to  be  reached  in  all  three  runs,  close  to  0.2.  As  we  showed 
in  figure  4,  the  definitions  of  mixing  efficiency  based  upon 
the  advective  and  diffusive  flux  of  density  become  close  at 
the  later  stage  of  flow.  It  is  then  noteworthy  to  recall  that 
the  value  of  mixing  efficiency  in  the  oceanic  thermocline, 
where  shear  instability  processes  occur  as  well,  is  of  order 
0.2.  One  wonders  then  whether  the  simple  structure  of  the 
flow  associated  with  the  asymptotic  value  of  7 d  in  our  cal¬ 
culations,  is  not  generic  of  those  at  which  mixing  occurs  in 
the  ocean  (figures  lb  and  lc).  Further  work  is  required  to 
examine  this  important  point. 

We  should  comment  about  the  high  value  we  find  for  mix¬ 
ing  efficiency  maxima.  In  laboratory  experiments,  mixing 
efficiency  values  are  at  most  0.4,  which  is  one  order  of  mag¬ 
nitude  less  than  values  found  in  our  simulations.  We  think 
that  the  two-dimensional  character  of  our  calculations  is 
responsible  for  this  behaviour.  In  two  dimensions,  the  vor- 
ticity  is  conserved  by  nonlinear  terms,  which  prevents  en¬ 
ergy  from  being  transferred  toward  small  scales  (but  note 
that  vorticity  can  locally  increase  beyond  its  maximum 
value  through  linear  -stratification-  effects).  The  fact  that 
no  cascade  of  energy  is  allowed  toward  small  scales  very 
likely  yields  an  anomalously  small  (compared  to  a  three- 
dimensional  situation)  value  of  the  dissipation  rate  of  ki¬ 
netic  energy.  We  think  that  this  accounts  for  the  large 
value  of  mixing  efficiency  that  we  find.  Three-dimensional 
effects  would  mostly  yield  smaller  scale  instabilities,  such 
as  buoyancy  induced  instabilities  (e.g.  Schowalter  et  al. 
1994),  and  enhanced  kinetic  energy  dissipation.  However, 
as  time  elapses,  diffusion  should  damp  all  small  scale  mo¬ 
tions,  whether  two-  and  three-dimensional.  We  therefore 
think  that  the  later  stage  of  the  flow,  and  associated  mixing 
efficiency,  should  be  independent  upon  the  flow  dimension¬ 
ality. 

CONCLUSIONS 

We  have  applied  a  new  mathematical  formalism  devel¬ 
oped  by  Winters  et  al.  (1995)  to  analyse  mixing  in  stably- 
stratified  inhomogeneous  flows.  This  formalism  provides 
an  analytical  expression  for  the  rate  of  increase  of  the  po¬ 
tential  energy  associated  with  mixing,  that  is,  for  the  dif¬ 
fusive  flux  of  density.  This  permits  to  propose  a  new  defi¬ 
nition  of  mixing  efficiency,  defined  by  the  ratio  of  the  total 
turbulent  diffusive  flux  of  density  over  the  dissipation  rate 
of  kinetic  energy.  Such  mixing  efficiency  can  be  defined 
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instantaneously,  as  opposed  to  previous  definition  used  in 
the  ocean. 

For  the  case  of  a  two-dimensional  stably-stratified  shear 
layer,  we  find  two  main  results:  the  efficiency  of  mixing 
is  strongly  sensitive  to  whether  turbulence  occurs  through 
large  or  small  scale  instabilities  (being  greater  in  the  former 
case  than  in  the  latter);  as  the  small  scale  fluctuations 
become  damped  by  diffusion,  the  mixing  efficiency  tends 
toward  an  asymptotic  value,  whatever  the  initial  value  of 
the  Richardson  and  Reynolds  numbers.  This  value  is  of 
order  0.2,  which  is  the  common  value  measured  for  mixing 
efficiency  in  the  oceanic  thermocline.  Further  work  remains 
however  to  be  done  to  determine  whether  the  associated 
structure  of  the  flow  could  be  generic  of  those  at  which 
mixing  occurs  in  the  ocean. 
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Figure  1:  Constant  contours  of  the  density  field  for  run  R3 
at  different  times,  (a)  t=85;  (b)  t=360.  (c)  Vorticity  field 
at  t=360. 
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Figure  2:  Comparison  of  the  horizontally  averaged  density 
profile  (dash  line)  with  the  sorted  density  profile  (full  line) 
at  different  times,  (a)  t=85;  (b)  t=360. 


Figure  3:  Temporal  evolution  of  the  diffusif  flux  of  density 
<f>d  normalized  by  the  laminar  diffusive  flux  of  density  4>jam 
for  runs  R1  (full  line),  R2  (small  dash  line)  and  R3  (long 
dash  line). 


Figure  4:  Temporal  evolutions  of  the  turbulent  diffusive 
flux  of  the  density  —  <F|am  and  the  advective  flux  of 
density  ( pw )  for  run  R3. 
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ABSTRACT 

A  hydrogen  jet  diffusion  flame  has  been  simulated  using 
Large  Eddy  Simulation.  The  effect  of  heat  release  has  been 
included  via  a  conserved  scalar  type  combustion  model. 
A  standard  Smagorinsky  model  was  used  to  represent  the 
subgrid  scale  stresses  and  scalar  flux.  Equilibrium  chem¬ 
istry  data  was  used  to  relate  the  mixture  fraction  to  the 
thermodynamic  variables  of  density,  temperature  and  spe¬ 
cies  concentrations.  The  probability  density  function  of  the 
subgrid  scale  fluctuations  of  mixture  fraction  was  presumed 
to  take  the  form  of  a  /3-function.  The  results  obtained  are 
in  reasonable  accord  with  measured  data. 

INTRODUCTION 

Large  eddy  simulation  (LES)  has  been  applied  in  the  past 
to  a  number  of  complex  isothermal  flows,  such  as  backward 
facing  steps  (Akselvoll  &  Moin,  1993),  flows  over  hemi¬ 
spheres  (Manhart  &  Wengle,  1993)  and  jets  in  cross-flows 
(Jones  &  Wille,  1995;  Jones  &  Wille,  1996a;  Jones  &  Wille, 
1996b).  Whilst  the  use  of  Reynolds  averaged  methods  in 
the  calculation  of  turbulent  reacting  flows  has  been  the  fo¬ 
cus  of  much  work  over  the  past  two  decades,  the  extension 
of  LES  to  reacting  flows  is  a  recent  development  (see  for 
example  Cook  et  al.,  1997  and  the  references  therein).  LES 
offers  the  possibility  of  improving  predictive  capabilities  in 
turbulent  combustion  by  providing  a  means  by  which  the 
effects  of  such  phenomena  as  the  stabilising/de-stabilizing 
effects  of  swirling  motions  and  buoyancy  forces,  for  ex¬ 
ample,  can  be  included  with  the  minimum  of  modelling 
assumptions.  The  aim  of  the  present  work  is  to  investig¬ 
ate  the  use  of  LES  in  variable  density,  turbulent  reacting 
flows  with  the  view  of  advancing  the  use  of  LES  in  practical 
engineering  problems. 

A  hydrogen  jet  diffusion  flame  issuing  into  a  coflowing 
stream  of  air  has  been  simulated.  This  flow  has  been  in¬ 
vestigated  extensively  by  Bilger  and  his  coworkers  (Kent 
&;  Bilger,  1973;  Glass  &  Bilger,  1978;  Kennedy  &  Kent, 
1981)  and  a  detailed  set  of  experimental  data  is  available 
for  validation  of  the  method. 


GOVERNING  EQUATIONS 
AND  MODELLING 

The  equations  describing  the  motions  of  the  large  scale 
structures  of  a  turbulent  flow  are  obtained  by  applying  a 
spatial  filter  to  the  continuity  and  Navier-Stokes  equations. 
If  the  spatial  filter  commutes  with  time  and  space  differ¬ 
entiation  then  the  filtered  equations  take  the  same  form 
as  the  original  equations.  The  resulting  equations  can  be 
written  as: 


and 


dp  dpuj 

dt  dxi 


=  0, 


(1) 


dpu  j  dpuruj  _  dp  d  (  ( din 

dt  dxj  dxi  +  dxj  c  \clz_, 


Here  p  is  the  density,  u<  is  the  velocity  component  in  the  z< 
direction,  p  is  the  pressure  and  p  is  the  molecular  viscosity, 
which  is  assumed  constant.  The  over  bar  denotes  the  ap¬ 
plication  of  the  spatial  filter;  the  tilde  denotes  that  the  the 
filtered  quantity  is  density  weighted,  i.e.  for  a  quantity  /, 
/  =  pf  /p-  The  term  upUj  is  unknown  and  the  substitution 


pUiUj  =  pUiUj  +Tij,  (3) 

where  r,-7-  is  the  modelled  subgrid  stress,  is  required  for  clos¬ 
ure.  In  this  work  a  variable  density  (see  for  example  Moin 
et  al,  1991)  form  of  the  Smagorinsky  model  (Smagorinsky, 
1963)  has  been  used  for  the  subgrid  stress  such  that 


th  =(C,A)2pV2\Sij\Sij,  (4) 


where  pt  is  the  eddy  viscosity,  Sy  is  the  strain  rate,  and 
A  the  characteristic  length  scale  for  the  smallest  resolved 
motion, 


A  =  (6x16x26x3)* ,  (5) 

where  8xt  are  the  local  mesh  spacings.  The  Smagorinsky 
parameter  C,  was  assumed  constant  and  equal  to  0.1.  In 
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the  constant  density  case  equation  4  reduces  to  the  stand¬ 
ard  Smagorinsky  model. 

The  evaluation  of  the  density  requires  a  description  of 
the  combustion  process.  In  this  work  a  conserved  scalar 
formulation  has  been  adopted  (see  Jones  &  Kakhi,  1996  for 
a  review  of  the  method).  A  brief  description  now  follows. 

The  use  of  a  single  diffusion  coefficient  for  all  speices 
present  in  the  flow  implies  that  a  single  transport  equation 
can  be  used  to  express  the  conservation  of  each  element 
mass  fraction,  za ■  If  the  Prandtl  and  Schmidt  numbers 
are  equal  then  the  same  equation  will  also  describe  the 
conservation  of  enthalpy.  In  non-premixed  combustion  the 
fuel  and  oxidant  enter  the  domain  in  seperate  feeds,  and  the 
element  mass  fractions  can  be  normalised  to  yield  identical 
boundary  conditions  for  each  (Bilger,  1976)  according  to 


£a  = 


Za,2  (Xijt) 


(6) 


where  za,  i  is  the  mass  fraction  of  element  a  in  the  fuel 
stream  and  za, 2  its  value  in  the  air  stream.  The  value  of 
is  independent  of  the  element  a  used  in  equation  6,  and 
the  subscript  can  be  dropped.  The  resulting  quantity  f  is 
strictly  conserved  and  referred  to  as  the  mixture  fraction. 

A  thermochemical  model  is  needed  to  relate  f  to  the 
concentration  fields  of  the  reactive  species,  temperature 
and  density.  In  the  present  work  the  chemical  equilibrium 
approach  has  been  adopted. 

The  spatially  filtered  transport  equation  for  the  con¬ 
served  scalar,  f  is  written 

dpj  dpu if  __  d  f  p  dg  1  f  ) 

at  dxi  dxi\adxi}’  W 

where  a  is  the  Prandtl  number.  Closure  is  obtained  by  the 
introduction  of  a  subgrid  scalar  flux 

Ji  =  j5u<f  -  piiii  (8) 

into  equation  7.  The  subgrid  scalar  flux  is  modelled  by 

IM  ai 


Ji  =  - 


o t  dxi  ’ 


(9) 


where  e n  is  the  turbulent  Prandtl  number,  the  value  of 
which  was  taken  as  0.7. 

It  is  well  known  that  because  of  the  strong  nonlinear¬ 
ity  of  the  relationship  between  the  mixture  fraction  and 
the  thermodynamic  variables,  it  is  not  sufficient  to  use  the 
filtered  mixture  fraction  alone  in  the  determination  of  the 
of  the  state  of  the  flow.  Some  account  must  be  taken  of 
the  subgrid  fluctuations  in  the  mixture  fraction.  Following 
the  approach  widely  used  in  conventional  turbulent  com¬ 
bustion  modelling  (Jones  &  Whitelaw,  1982),  these  fluctu¬ 
ations  are  described  by  a  presumed-shape  density  weighted 
probability  density  function  (pdf),  P(£,Xi).  Then  for  any 
quantity  /  which  is  uniquely  related  to  the  mixture  frac¬ 
tion, 


-75  f'M 
~PJo  P(0 


P(Z,Xi)d£, 


(10) 


so  that  if  /  =  1  then 


(u) 

The  pdf  was  assumed  to  take  the  form  of  a  /3  function, 

P(£,  *<)  =  1 —  0  <  f  <  1,  (12) 

foe-'a-w-1# 


where  a  and  b  are  determined  from  the  filtered  value  f  and 

its  subgrid  variance  f"2.  In  this  work  f"2  is  determined 
directly  from  the  resolved  scalar  field  by 


f"2  =  CA- 


©' 


(13) 
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.2  6t 

2 

St  j 

C  being  a  constant  dependent  on  parameters  appearing  in 

the  modelled  transport  equation  for  f"2  (Jones,  1993),  and 
equal  to  0.13. 

CALCULATION  METHOD 
The  spatially  averaged  transport  equations  are  discret- 
ised  using  finite  volume  methodology.  A  co-located  mesh 
structure  is  employed  whereby  velocities,  pressure,  mixture 
fraction  and  density  are  defined  at  cell  centres.  The  for¬ 
mulation  is  fully  implicit,  and  an  approximate  factorisation 
technique  is  adopted  to  determine  the  pressure. 

For  the  momentum  equations,  spatial  derivatives  are 
evaluated  using  second  order  energy  conserving  central  dif¬ 
ferences.  For  time  derivatives  a  second  order  three  point 
backward  difference  scheme  is  used  giving 


+  0(St2), 
(14) 


where  denotes  the  discrete  value  any  filtered  variable  <j> 
at  location  i  and  time  level  n.  The  density  at  time  level 
n+1  required  in  equation  14  is  obtained  through  the  use  of 
the  two-step  method  described  in  detail  in  Jones  &;  Wille, 
1996a.  The  resulting  method  is  formally  second  order  ac¬ 
curate  in  space  and  time. 

For  the  scalar  transport  equation  a  different  approach  to 
the  convection  terms  is  adopted.  Whilst  central  difference 
schemes  have  been  seen  to  work  well  for  the  momentum 
equations  in  LES  (Ferziger  &  Peric,  1996),  their  use  in 
the  scalar  transport  equation  leads  to  difficulties.  Since 
the  scalar  field  plays  an  active  role  in  the  flow,  via  the 
density,  it  must  remain  bounded  by  its  physical  limits  if 
unrealistic  values  of  the  density  are  to  be  avoided.  It  is  well 
known  that  central  differences  do  not  guarantee  that  this 
requirement  will  be  met  (Roache,  1971),  and  the  resulting 
scalar  field  may  require  clipping  to  enforce  0  <  f  <  1 
throughout  the  domain.  In  the  present  work,  however,  the 
use  of  clipping  was  ineffective  and  an  alternative  approach 
was  therefore  adopted  to  keep  the  scalar  field  bounded. 
This  involved  use  of  a  TVD  type  scheme  (see  for  example 
Jones,  1993)  based  upon  a  central  difference  approximation 
limited  so  that  the  scalar  bounds  were  not  violated.  Whilst 
it  is  known  thet  TVD  type  schemes  may  result  in  excessive 
numerical  dissipation  unless  the  mesh  spacings  are  small 
(Boris  et  at.,  1992),  their  use,  or  some  similar  approach, 
seems  essential  for  scalar  quantities  in  reacting-flow  LES. 

To  illustrate  the  approach  adopted,  the  one-dimensional 
case  with  positive  convection  velocity,  it,  is  considered.  In 
this  case  the  convection  term  is  approximated  by 


d±  M  Ji+h-h-k 

6x 


it—  ~  it 

dx 


(15) 


and  the  cell  face  values  <p,,i  and  <f>,  1  are  obtained  from 
■  2  *  2 


4>i+ 1  =4>i  H - £2-(4>i+ 1  -  <t>i ) 


(16) 


Pi-  1  =  4>i~  1  H - —4>i- 0-  (17) 


The  limiter  is  defined  as 


’il'j-ki  =  max(0,min(Ari±i  ,1)) 


(18) 
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where 


(<t>i  ~  4>i-l)(Xj+l  -  Si) 
,+2  (<t>i+i  -  <jh)(xi  -  n-i)’ 


and 


i  _  (<f> i-l  ~  <t>i- 2)(Xi  ~  Zj-l) 
{<t>i  —  <j>i-x){Xi-l  —  Xi-2)  ’ 


(19) 


(20) 


with  A  =  2.  While  other  forms  of  limiter  are  possible  (see 
for  example  Sweby,  1984),  the  present  aim  is  to  minimise 
the  numerical  dissipation  and  consequently  central  differ¬ 
ences  should  be  used  as  far  as  possible.  The  limiter  defined 
by  equation  18  results  in  upwinding  for  ri±±  <0  and  cent¬ 
ral  differencing  for  0.5  <  ri±  1  <  00.  The  cut-off  point 
corresponding  to  ri±  1  =  0.5  is  somewhat  arbitrary  and 
beneficial  results  may  be  obtained  by  reducing  this  value 
further,  i.e.,  by  increasing  the  value  of  A  in  equation  18. 


COMPUTATIONAL  PARAMETERS 

The  flow  configuration  studied  in  this  work  consists  of  a 
jet  of  hydrogen  issuing  at  a  velocity  of  Ujet  =  151.1ms-1 
from  a  nozzle  of  diameter  D  =  7.62mm  with  a  coflowing 
stream  of  air  with  velocity  ue  =  15.1ms-1.  The  Reynolds 
number  based  on  the  bulk  velocity  of  the  jet  and  the  nozzle 

diameter  is  Re  —  10730.  The  effect  of  buoyancy  was  neg- 

2 

lected  since  the  Froude  number,  Fr  =  is  approximately 
3  x10s. 

Calculations  were  performed  on  a  rectangular  domain 
of  dimension  28 D  x  28 D  x  50 D.  A  mesh  consisting  of  100 
grid  nodes  in  the  streamwise  (xi)  direction  and  79  x  79  grid 
nodes  in  the  planes  normal  to  the  streamwise  direction  was 
employed.  The  total  number  of  grid  nodes  was  constrained 
by  the  availability  of  computing  resources.  The  grid  lines  in 
the  X2  and  X3  directions  were  expanded  smoothly  from  the 
jet  centreline,  -with  an  expansion  ration  of  1.06  at  the  inflow 
boundary,  falling  to  unity  with  distance  downstream.  The 
grid  lines  in  the  Xi  direction  were  also  expanded  smoothly 
with  an  expansion  ratio  of  1.01. 


BOUNDARY  CONDITIONS 

The  instantaneous  velocity  tt,  at  the  inflow  is  generated 
by  adding  a  fluctuating  component  «(•  to  a  specified  mean 
profile  (tii).  The  instantaneous  component  is  supplied  by 
scaling  a  Gaussian  deviate  G(n,t) (Press  et  al.,  1992)  (a 
random  number  with  a  Gaussian  distribution)  with  a  spe¬ 
cified  profile  of  turbulent  intensity,  so  that  for  the  «i  com¬ 
ponent  for  example,  the  instantaneous  velocity  at  the  in¬ 
flow  is  «i  =  («i )  +  Gi  -y/fij2.  The  Gaussian  distribution 
has  zero  mean  and  unit  variance  ensuring  that  the  profiles 
of  mean  velocity  and  turbulent  intensity  computed  during 
the  simulation  at  the  inflow  match  those  used  to  specify 
the  inlet  condition.  This  approach  yields  an  incorrect  shear 
stress  at  the  inlet  and  is  to  some  extent  physically  unreal¬ 
istic;  velocities  at  different  and  adjacent  time  levels  are 
presumed  uncorrelated.  However,  the  consequence  of  this 
are  unlikely  to  be  important  in  the  present  flow.  The  tur¬ 
bulence  levels  in  the  inflow  are  negligibly  small  compared 
■with  those  generated  by  the  shear  layers  around  the  jet. 
A  more  precise  description  of  the  inflow  turbulence  seems 
unwarranted  at  this  stage. 

Constant  velocity  profiles  of  (tii)  =  151.1ms-1  in  the 
jet  and  (fii)  =  15.1ms-1  in  the  coflow  were  used,  with 
(£2)  =  (63)  =  0  across  the  inlet.  Turbulent  intensities 
were  0.3%  in  the  jet  and  3%  in  the  coflow.  The  mixture 
fraction  inlet  conditions  were  f  =  1  in  the  jet  and  zero 
elsewhere.  The  mixture  fraction  variance  was  zero  across 
the  whole  of  the  inflow  boundary.  At  the  outflow  a  zero 


gradient  non-reflecting  condition  was  applied  for  u,,  {  and 

£7/2 

On  all  remaining  boundaries  a  zero  normal  velocity  was 
enforced,  with  a  zero  gradient  condition  being  used  for  the 
wall-parallel  component.  The  mixture  fraction  and  its  sub¬ 
grid  variance  were  also  treated  using  a  zero  gradient  con¬ 
dition. 


RESULTS 

The  jet  was  impulsively  started  at  time  t  =  0.  In  the 
early  stages  of  the  calculation  the  flow  experienced  a  rapid 
expansion  which  caused  the  Courant  numbers  to  increase 
dramatically  with  each  time  step.  To  maintain  temporal 
accuracy  and  to  prevent  the  calculation  from  becoming  un¬ 
stable,  the  maximum  Courant  number  was  kept  at  0.3. 
This  necessitated  the  use  of  a  variable  time  step.  In  the 
later  stages  of  the  flow  it  was  found  unnecessary  to  recom¬ 
pute  the  time  step  to  keep  the  Courant  numbers  within  an 
acceptable  range  of  0.3. 

The  combustion  model  is  not  accurate  in  the  near  nozzle 
region  due  to  the  importance  of  non-equilibrium  effects.  Its 
use  in  this  region  lead  to  instabilities  which  may  be  attrib¬ 
uted  to  the  rapid  expansion  of  the  flow  in  this  area  coupled 
with  insufficient  mesh  refinement.  To  prevent  these  in¬ 
stabilities  from  arising,  combustion  was  suppressed  in  the 
region  xi  <  D  and  the  density  was  evaluated  from  the 
equation  of  state  for  an  ideal  gas. 

The  equations  were  integrated  over  a  time  interval  cor¬ 
responding  to  approximately  40  mean  residence  times, 
Trea  =  itj  / L,  where  L  is  the  length  of  the  computational 
domain.  To  obtain  statistics  the  flow  variables  were  then 
averaged  as  necessary  over  the  last  20  residence  times.  For 
the  radial  profiles  of  rms  turbulence  intensities  the  results 
were  also  spatially  averaged  in  the  toroidal  direction  in 
which  the  flow  is  homogeneous. 

A  snapshot  of  the  flow  is  shown  in  figure  8,  which  de¬ 
picts  the  toroidal  component  of  vorticity  on  a  plane  cutting 
through  the  axis  of  the  jet.  The  simulation  is  seen  to  give 
a  qualitatively  realistic  picture  of  the  flows  behaviour. 

The  predicted  centreline  variation  of  axial  velocity  is 
shown  in  figure  1.  In  the  near  nozzle  region  the  suppres¬ 
sion  of  combustion  results  in  an  under-prediction  of  the 
velocity.  The  point  at  which  combustion  commences  sees 
a  rapid  increase  in  velocity,  though  the  peak  value  is  under¬ 
predicted.  Further  downstream  the  agreement  between 
measurement  and  simulation  is  good.  The  slight  lack  of 
smoothness  displayed  in  the  computed  profile  is  due  to  the 
finite  sample  size  used  to  calculate  the  averages. 

The  axial  velocity  profile  obtained  from  the  simulation  at 
X\/D  =  40  is  shown  in  figure  2.  The  computed  and  meas¬ 
ured  profiles  are  in  good  agreement  though  the  predicted 
velocities  exceed  measured  values  at  all  radial  positions. 
The  discrepancy  is  greatest  at  the  edge  of  the  jet  where  a 
difference  of  17%  exists  between  measurement  and  simu¬ 
lation.  To  some  extent  this  can  be  attributed  to  adverse 
effects  from  the  boundary  condition  on  the  walls  parallel 
to  the  main  flow  direction,  which  restricts  the  expansion  of 
the  jet  and  hence  causes  some  small  artifical  acceleration 
of  the  flow  in  this  vicinity. 

Axial  turbulence  intensity  predictions  are  shown  in  fig¬ 
ure  3.  The  level  of  agreement  is  reasonable  though  the 
simulation  is  seen  to  produce  a  higher  level  of  turbulence 
intensity  than  found  in  the  measurements,  possibly  arising 
from  the  use  of  too  low  a  value  for  the  Smagorinsky  para¬ 
meter.  The  predictions  show  a  peak  in  intensity  away  from 
the  centreline  in  the  shear  layer,  which  agrees  qualitatively 
with  the  measured  data. 

The  mean  mixture  fraction  centreline  variation  is  shown 
in  figure  4.  The  measured  data  consists  of  Favre  and  con¬ 
ventional  averages,  along  with  probe-sampled  composition 
measurements  of  mixture  fraction  obtained  by  Kent  &  Bil- 
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ger,  1973.  Agreement  is  poor  in  the  near  nozzle  region 
but  improves  with  distance  downstream.  The  centreline 
mixture  fraction  is  over-predicted  throughout,  though  the 
radial  variation  shown  in  figure  5  exhibits  tolerable  agree¬ 
ment  away  from  the  centreline. 

Temperature  and  species  mole  fractions  on  a  wet  basis 
are  shown  in  figures  6  and  7  respectively.  The  predicted 
temperature  shows  only  qualitative  agreement  with  exper¬ 
iment,  the  centreline  temperature  and  maximum  temper¬ 
ature  being  over  predicted  by  around  300C  and  150C  re¬ 
spectively.  The  predicted  species  mole  fractions  however 
show  better  agreement.  The  centreline  value  for  hydrogen 
is  only  very  slightly  under-predicted,  and  the  general  trend 
is  quantitatively  correct.  For  water,  the  centreline  value  is 
again  slightly  under-predicted,  as  is  the  maximum  value, 
which  occurs  in  the  simulations  closer  to  the  centreline  than 
in  the  measured  data.  The  simulation  also  correctly  repro¬ 
duces  the  overlapping  of  hydrogen  and  oxygen  profiles,  a 
typical  feature  of  turbulent  diffusion  flames.  The  presence 
of  oxygen  is  predicted  closer  to  the  centreline  than  meas¬ 
ured  values,  though  agreement  improves  further  out  from 
the  flame  centre.  Overall,  however,  the  level  of  agreement 
is  very  good. 

CONCLUSIONS 

Large  Eddy  Simulation  has  been  applied  to  the  com¬ 
putation  of  a  turbulent  jet  diffusion  flame  burning  hydro¬ 
gen  in  air.  Density  fluctuations  have  been  accounted  for 
through  the  use  of  density  weighted  filtering  and  a  stand¬ 
ard  Smagorinsky  model  was  used  for  the  subgrid  stresses. 
For  combustion  a  conserved  scalar  formulation  has  been 
applied  in  conjunction  with  a  presumed  shape  /3-pdf  and  a 
simple  gradient  model  for  the  subgrid  fluctuations.  Over¬ 
all  the  results  of  the  computations  are  in  good  agreement 
with  measured  mean  and  fluctuating  components  of  velo¬ 
city  and  with  the  mean  concentration  profiles.  Some  dis¬ 
crepancies  exist,  however,  particularly  with  regard  to  the 
mean  temperature  profile.  While  it  is  possible  that  some 
of  the  differences  between  computation  and  measurement 
are  related  to  the  simplified  description  of  combustion,  it 
is  likely  that  the  use  of  a  finer  computational  grid  would 
lead  to  improved  predictions.  The  implementation  of  a  dy¬ 
namic  model  (Piomelli  k  Liu,  1995)  is  also  likely  to  lead  to 
improved  closure  for  the  sub-grid  stresses,  the  scalar  flux 
and  the  scalar  variance. 
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Figure  1:  Mean  axial  velocity  on  the  centreline;  — 
predictions,  •  Glass  and  Bilger. 


Figure  2:  Mean  axial  velocity,  Xi  /D  =  40;  —  predic¬ 
tions,  •  Glass  and  Bilger. 


Figure  4:  Mean  mixture  fraction  on  the  centreline; 
—  predictions;  o  conventional  mean,  A  Favre  mean, 
Kennedy  and  Kent;  □  Kent  and  Bilger. 


Figure  5:  Mean  mixture  fraction,  x\jD  —  34;  — 
predictions;  o  conventional  mean,  A  Favre  mean, 
Kennedy  and  Kent. 


Figure  3:  Axial  turbulence  intensity;  X\/D  —  40;  — 
predictions,  •  Glass  and  Bilger. 


Figure  6:  Mean  temperature  (Kelvin)  n  /D  -  40;  — 
predictions; - Kent  and  Bilger. 
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Figure  7:  Mean  mole  fractions  Xi/D  —  40;  —  predictions; - Kent  and  Bilger. 
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Figure  8:  Toroidal  component  of  instantaneous  vorticity  on  a  plane  intersecting  the  jet  axis. 
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INTRODUCTION 

Flame  surface  density  models  are  now  widely  used  in 
turbulent  combustion  both  to  describe  premixed  and  non- 
premixed  situations.  In  this  approach,  the  flame  is  as¬ 
sumed  to  be  a  collection  of  thin  laminar  flame  elements 
and  the  mean  reaction  rate  of  the  species  k  is  modeled  as: 

w*  =  VkE  (1) 

where  E  is  the  available  flame  surface  per  unit  volume 
(flame  surface  density)  and  Vk  the  local  consumption  rate 
of  the  species  k  per  unit  of  flame  area.  The  main  advantage 
of  this  formulation  is  to  decouple  the  chemical  problem,  de¬ 
scribed  by  the  local  reaction  rate  Vk  and  estimated  from 
laminar  flame  studies,  from  the  interaction  between  flame 
surface  and  turbulent  flow  field.  The  flame  surface  density 
E  may  be  estimated  from  an  algebraic  expression  or  as  a 
solution  of  a  balance  equation. 

In  non-premixed  combustion,  a  modeled  transport  equa¬ 
tion  for  the  flame  surface  density  E  was  first  derived  from 
phenomenological  considerations  by  Marble  and  Broad- 
well  (1977).  Such  a  concept  yields  to  suitable  descrip¬ 
tions  of  practical  situations  (Veynante  et  al.  1986;  Lacas 
et  al.  1987;  Fichot  et  al.  1994).  Recently,  Van  Kalmthout 
et  al.  (1996b),  extending  the  theoretical  work  developed 
by  Vervisch  et  al.  (1995),  have  proposed  an  exact,  but  un¬ 
closed,  transport  equation  for  the  flame  surface  density  E. 
In  this  approach,  the  flame  is  described  as  the  surface  cor¬ 
responding  to  the  stoichiometric  value,  Z!t  of  the  mixture 
fraction  Z. 

In  this  work,  flame  surface  density  E  and  terms  in  E- 
equation  are  analyzed  using  direct  numerical  simulations 
of  a  two  dimensional  turbulent  mixing  layer. 

THEORETICAL  BACKGROUND 

The  standard  theory  of  non-premixed  combustion  is 
based  on  the  conserved  scalar  description  of  the  flow  field 
(Bilger  1976;  Libby  and  Williams  1980).  Under  certains 
restrictions  (equal  diffusivities  of  all  species,  unity  Lewis 
number),  the  chemical  reaction 

Fuel  4-  s  Oxidizer  — *■  Products 


may  be  described  in  terms  of  a  mixture  fraction  Z  defined 
as: 


Z  = 


y  oo 


—  Zq - L  i 

yoo  I  1 


'  +  1 


(2) 


where  s  is  the  mass  stoichiometric  ratio  and  <p  =  sY£°  /Yq1 
is  the  equivalence  ratio,  Yj?  (respectively  Yq")  denotes  the 
value  of  the  fuel  mass  fraction  Yf  (oxidizer  mass  fraction 
Yo )  in  the  pure  fuel  (oxidizer)  stream.  Z  =  1  is  the  pure 
fuel  stream  and  Z  =  0  in  the  oxidizer  stream. 

The  scalar  Z  is  governed  by  a  convection-diffusion  trans¬ 
port  equation: 

dZ  1 

—  +  u.VZ  =  -V.(pDVZ)  =  w\VZ\  (3) 

where  p  is  the  density  and  D  is  the  mass  diflusivity.  Other 
variables  such  as  mass  fractions,  reaction  rates  or  temper¬ 
ature  may  be  directly  expressed  as  functions  of  Z.  A  dis¬ 
placement  speed  w  of  the  iso-Z  surface  has  been  introduced 
in  equation  (3).  The  displacement  speed  w  may  be  split  in 
a  normal  and  a  curvature  related  component: 

V.(pDVZ)  1 

“  =  P\vz\  ‘  -  rtvzp v  lpg|7Z|1  -  DV  n  (4) 

where  n  =  —  VZ/|VZ|  is  the  normal  vector  to  the  iso-Z 
surface  chosen  pointing  towards  the  oxidizer.  V.n  denotes 
the  curvature  of  the  flame  front. 


Under  the  assumption  of  a  fast  chemistry,  the  flame  is 
described  as  laminar  thin  flame  elements  lying  on  the  iso¬ 
level  Z  =  Z3t  =  l/(4>  +  1)  surface  where  Zst  is  the  stoi¬ 
chiometric  value  of  the  mixture  fraction  Z  (Peters  1986). 
Then,  following  Pope  (1988)  or  Vervisch  et  al.  (1995),  the 
flame  surface  density  is  defined  by: 

E  =  m 5 Tz  -  z„)  =  (|VZ||Z  =  Zst)p ( Z  =  Zst)  (5) 

where  5  is  the  Dirac-function  and  overbar  denotes  ensemble 
averaging.  p(Z  =  Zst )  is  the  probability  that  Z  —  Zst  and 
(Q\Z  =  Z!t)  is  the  conditional  averaging  of  Q  for  Z  =  Zst. 
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Ignition  Established  Diffusion  Flame 
Mixing  Region  Region  Region 


Figure  1:  Computational  domain.  Boundaries  are  referred  by  uppercase  letters.  Vector  n  designates  the  flame  norma!  (pointing 
towards  the  oxidizer  region).  The  curvature  V.n  is  positive  when  the  flame  is  convex  towards  the  oxidizer.  The  parameter  x,n 
measures  the  distance  from  the  splitter  plate  to  the  inlet  of  the  computational  domain.  The  self-similar  non-reactive  solution 
of  the  IMavier-Stokes  equations  is  imposed  at  the  inlet  boundary  (A).  An  homogeneous  and  isotropic  turbulent  velocity  field, 
with  a  Von  Karman  -  Pao  energy  spectrum,  is  injected  at  the  inlet  of  the  computational  domain  (A). 


Then,  combining  Eq.  (3)  and  (5),  an  exact  balance  equa¬ 
tion  for  £  may  be  derived  (Van  Kalmthout  et  al.  1996b): 

^  +  V.  (u£)+V.  ((«'),£)  =  (V.u-nn:  V«),E 

N  y.  '  V  ^  '  JV 

+  (u>V.n)a£  —  V.  [(um),,£]  (6) 

' - V— — '  ' - v— ' 

v  vi 

where  ().  denotes  averaging  along  the  iso-level  surface, 
defined  for  any  quantity  Q  as: 


,ns  _  Q\VZ\8(Z-Zst)  QT,  m 

'  '*  \VZ\S(Z  —  Z,t)  £ 

Terms  composing  Eq.  (6)  correspond  respectively  to  un¬ 
steady  effects  (I),  mean  convection  (II),  turbulent  trans¬ 
port  (III),  strain  rate  (IV)  acting  on  the  flame  front. 
Terms  (V)  and  (VI)  combine  surface  displacement  rela¬ 
tively  to  flow  and  curvature  effects.  Terms  (III)  to  (VI) 
in  Eq.  (6)  are  unclosed  and  require  modeling. 

NUMERICAL  SIMULATIONS 

The  direct  simulation  code  NTMIX  (Haworth  and 
Poinsot  1992)  is  used  to  solve  the  complete  2D  Navier- 
Stokes  equations.  Spatial  derivatives  are  calculated  with 
high  order  compact  finite  difference  scheme  (0(Ax6))  while 


temporal  integration  is  performed  by  a  third  order  Runge- 
Kutta  method  (0(A<3)).  An  homogeneous  and  isotropic 
turbulent  velocity  field,  with  a  Von  Karman  -  Pao  energy 
spectrum  (Hinze  1975)  is  injected  at  the  inlet  of  the  com¬ 
putational  domain  (Van  Kalmthout  et  al.,  1996a;  1996b). 
A  chemically  reacting  two  dimensional  mixing  layer  with 
thermal  expansion  (equivalence  ratio  <f>  =  1)  is  computed 
(Fig.  1)  for  three  different  turbulence  Reynolds  number 
Her  (105,  201  and  310).  In  a  first  step,  oxidizer  and  fuel 
streams  have  the  same  inlet  mean  velocity  (no  mean  shear). 
Numerical  parameters  are  summarized  in  Table  1.  An  ex¬ 
ample  of  the  flow  field  is  displayed  on  figure  2. 

All  quantities  intervening  in  the  previous  equations  may 
be  extracted  from  DNS  for  each  location  (x,y)  and  aver¬ 
aged  over  time  (Van  Kalmthout  et  al.  1996b). 

RESULTS  AND  DISCUSSION 
Global  properties 

The  total  reaction  rate  integrated  accross  the  flame 
brush,  Jii?  dy,  is  plotted  as  a  function  of  the  downstream 
location  x  on  figure  3  for  the  laminar  case  and  the  three 
turbulent  cases  A,  B  and  C.  As  expected,  the  total  reac¬ 
tion  rate  starts  from  zero  in  the  initial  region  and  increases 
dramatically  when  the  ignition  occurs.  Then,  as  the  well 
established  mixing_layer  is  developping,  the  total  reaction 
rate  decreases.  J  u>f  dy  is  also  found  to  increase  with  the 
turbulence  Reynolds  number  Rcj .  The  same  integrated 
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Figure  2:  Interaction  of  an  homogeneous  and  isotropic  turbulence  with  a  non-premixed  flame  (intermediate  time:  the  injected 
turbulence  has  not  reached  the  outflow  boundary  on  the  right  of  the  computational  domain)  in  a  spatially  developping  mixing 
layer.  Grayscale  of  reaction  rate  and  vorticity  contours  are  represented.  '  ° 


Case 

Nx 

Ny 

u' 

£ 

Rer 

It 

e/k 

A 

501 

121 

2.61  10"^ 

4.11  10-5 

105 

0.40 

0.04 

B 

501 

121 

5.43  10~2 

4.13  10“4 

201 

0.37 

0.09 

C 

1001 

121 

8.65  10“2 

1.74  10-3 

310 

0.36 

0.16 

Table  1:  Numerical  simulation  parameters  (divided  by  their  reference  value).  RMS  velocity  «'  and  its  dissipation  e,  integral 
length  scale  lt,  turbulence  Reynolds  number  ReT  =  k1'2  lt/u.  The  numerical  grid  size  is  Nx  x  Ny. 


X 

Figure  3:  The  totajjfuel  consumption  rate,  integrated  accross 
the  flame  brush,  f  u>F  dy  (normalized  by  pTe}LTefYF oo  t~^}) 
is  plotted  as  a  function  of  the  downstream  location  x/Lrej. 

Laminar  values - ,  Case  A  ( ReT  =  105) .  ,  Case  B 

{Rex  —  201) - ,  Case  C  (Rer  =  310) - . 


mean  fuel  consumption  rate,  f  u>Fdy,  is  now  plotted  nor¬ 
malized  by  its  value  in  the  corresponding  laminar  mixing 
layer  on  figure  4  as  a  function  of  the  downstream  location 
x  for  the  three  cases  A  -  C.  Then,  a  constant  level,  depend¬ 
ing  on  the  turbulence  intensity,  is  reached,  corresponding 
to  the  well  establihsed  mixing  layer.  Compared  to  case  A, 
the  total  reaction  rate  is  increased  by  about  40  %  in  case 
B  and  110  %  in  case  C. 

Following  Eq.  (1),  this  increase  of  the  total  reaction  rate 
with  the  turbulence  level  may  be  explained  both  by  an 
increase  of  the  total  available  flame  surface  density  E  or 
an  increase  of  the  local  reaction  rate  VF. 

The  total  available  flame  surface  increases  with  the 
Reynolds  number  as  shown  ori  Fig.  5  where  the  integrated 
flame  surface  density  7s  =  f  Jjdy  is  plotted  as  a  function  of 
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1.7 
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1.3 

1.1 


0.9 

1-5  3.5  5.5  7.5  9.5  11.5 

X 

Figure  4:  Total  turbulent  consumption  rate  fuJF  dy  (nor¬ 
malized  by  its  laminar  value).  Case  A  (Re t  =  105) - , 

Case  B  (ReT  =  201) - ,  Case  C  (ReT  =  310) - . 

Quantities  are  plotted  versus  x/£re/.  The  laminar  ignition 
occurs  at  the  location  x/Lref  x  7.7 
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2.0 
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Figure  5:  Integrated  flame  surface  density  Iz  =  f  E  dy 
(normalized  by  its  laminar  value).  Case  A  ( Rer  =  105) 

- ,  Case  B  (Rex  =  201) - ,  Case  C  (Rer  =  310) 

- .  Quantities  are  plotted  versus  x/ir«/-  The  laminar 

ignition  occurs  at  the  location  x/ Lref  ~  7.7 


the  downstream  location  x.  In  the  well  established  flame 
zone,  the  total  flame  surface  in  case  B  (Rer  =  201)  is 
about  30  %  higher  than  in  case  A  (Rer  =  105).  In  case  C 
(Rer  =  310),  the  flame  surface  is  increased  by  about  70  % 
compared  to  case  A. 

Flame  surface  density  E  profiles  in  the  established  dif¬ 
fusion  flame  region  are  plotted  in  Fig.  6  as  a  function  of 
the  transverse  location  y  for  the  three  values  of  the  turbu¬ 
lence  Reynolds  number  Rer-  All  profiles  are  almost  sym¬ 
metric  and  look  as  a  gaussian  function.  As  the  turbulence 
Reynolds  number  Rer_increases,  the  maximum  value  of  the 
flame  surface  density  E  decreases  but  the  flame  brush  be¬ 
comes  larger  and  the  total  available  flame  surface  increases 
as  noticed  on  figure  5. 

On  the  other  hand,  the  mean  scalar  dissipation  rate  con¬ 
ditioned  for  the  mixture  fraction  Z  =  Zst,  <  x  I  Z  — 
Zst  >  is  also  found  to  increase  with  the  turbulence 
Reynolds  number  Rer  as  shown  on  figure  7.  As  shown 
by  Peters  (1983)  or  Williams  (1985),  the  local  flame  struc¬ 
ture  is  controlled  by  the  local  scalar  dissipation  \  °f  the 
mixture  fraction  Z  and  the  local  reaction  rate,  assuming 
a  steady-state  laminar  flame,  is  found  to  increase  with  X- 
Then,  an  increase  of  the  conditional  scalar  dissipation  cor¬ 
responds  to  an  increase  of  the  local  reaction  rate  Vf . 

The  increase  of  the  total  reaction  rate,  f  ui f  dy,  with  the 
turbulence  Reynolds  number  combines  (Eq.  1): 

•  an  increase  of  the  available  flame  surface  area  due  to 
the  wrinkling  of  the  flame  front  induced  by  turbulence 
motions. 

•  an  increase  of  the  local  fuel  consumption  rate  Vf  ex¬ 
plained  by  an  increase  of  the  local  scalar  dissipation  \ 
at  the  flame  front  according  to  non  premixed  laminar 
flame  theory  and  confirmed  by  DNS  results. 

These  results  are  summarized  and  quantified  in  Table  2 

Flame  surface  density  balance  equation 

All  terms  in  the  flame  surface  density  balance  equation 
(6)  may  be  extracted  from  direct  numerical  simulations. 
In  the  following,  we  wi]l_focus  our  attention  on  the  right 
hand  side  terms  in  the  E  equation.  An  example  of  nu¬ 
merical  results  is  displayed  on  figure  8  for  case  B.  The 
main  flame  surface  area  source  term  is  the  strain  rate  term 
(V.u—  nn:  Vu)_  (term  IV  in  Eq.  6).  The  normal  dis¬ 
placement  term  (VI)  is  positive  in  the  center  of  the  mixing 


-0.6  -0.4  -0.2  0.0  0.2  0.4 

y 

Figure  6:  Flame  surface  density  E  (normalized  by  L~*j) 

plotted  versus  y.  Case  A  (Rer  =  105)  -  ,  Case  B 

(ReT  =  201) - ,  Case  B  (ReT  =  310) - . 


Figure  7:  Conditional  scalar  dissipation  rate  <  \\Z  = 
Z,t  >  (normalized  by  f~/)  plotted  as  a  function  of  the  down¬ 
stream  location  x/Lrcf-  Laminar  values  -  ,  Case  A 

(Rer  =  105) .  ,  Case  B  (Rer  —  201) - ,  Case  C 

(Rer  =  310) - . 


Case 

laminar 

A 

B 

C 

ReT 

- 

105 

201 

310 

j  wf  dy 

1.0 

1.1 

1.4 

2.1 

f  Zdy 

1.0 

1.08 

1.3 

1.7 

<  x\z  =  Z,t  > 

1.0 

1.2 

1.7 

2.5 

Table  2:  Comparison  of  the  evolution  of  the  integrated  reac¬ 
tion  rate  J  uiFdy,  the  integrated  flame  surface  density  f  E dy 
and  the  conditional  scalar  dissipation  <  xl  Z  =  Zst  >  with 
the  turbulence  Reynolds  number  Rer-  All  data  are  normal¬ 
ized  by  comparison  with  the  laminar  case. 


21-10 


Figure  8:  Right  hand  side  terms  in  the  balance  equation 
for  the  flame  surface  density  (Eq.  6)  plotted  as  a  function  of 
Z.  Bold  lines  correspond  to  DNS  results,  normal  lines  refer 
to  model  (discussed  in  Van  Kalmthout  and  Veynante,  1997): 

strain  rate  (V .u  —  nn  :  Vu)s  £ - ,  normal  displacement 

-V.  [(ten),  S] .  ,  displacement/curvature  (tnV.n)s  £ 

- •  Quantities  are  normalized  by  arej .  Case  B. 


layer  and  becomes  negative  at  the  boundaries.  In  fact,  this 
term  is  a  convective  term  corresponding  to  a  displacement 
of  the  flame  front  relatively  to  the  flow  field  and  does  not 
contribute  to  increase  or  decrease  the  total  available  flame 
surface.  The  curvature/displacement  term  (V)  is  always  a 
sink  term.  This  finding  is  easily  explained  because,  when 
the  equivalence  ratio  0  =  1,  the  normal  component  of  the 
displacement  w  is  almost  equal  to  zero  (Van  Kalmthout 
and  Veynante  1997).  Then,  from  Eq.  (4): 

(w  V.n).  £  ss  -  (D(V.n)2}  E  (8) 

which  is  clearly  negative. 

The  increase  in  flame  surface  area  when  the  turbulence 
Reynolds  number  Rer  increases  is  mainly  due  to  the  in¬ 
crease  of  the  strain  rate  term  (V.n  —  nn  :  Vn)s  in  the  In¬ 
equation  (Eq.  6)  as  displayed  on  Fig.  9  where  the  strain 
rate  is _plotted  as  a  function  of  the  mean  passive  scalar 
value  Z  for  the  three  turbulence  Reynolds  number  Rer- 
In  classical  modeling,  this  term  is  closed  as  the  inverse  of 
the  integral  scale  turbulence  time: 

(V.a-tm:  Vu)s  =  a^  (9) 

where  k  is  the  turbulent  kinetic  energy  and  s  its  dissipation, 
o  is  a  model  constant.  This  modeled  expression  is  quite 
well  verified  in  our  data  (see  Fig.  8)  where  a  is  found  to  be 
about  o  a  3. 

Surface  averaged  curvatures  (V.n).  and  square- 
curvatures  ((V.n)2)  ^  are  displayed  on  figure  10  for  case  B. 
The  surface  averaged  curvature,  (V.n).,  is  a  linear  function 
of  the  mean  mixture  fraction  Z  and  is  positive  (respectively 
negative)  at  the  oxidizer  (fuel)  stream  side  of  the  reaction 
zone.  The_flame  front  is  mainly  convex  towards  the  ox¬ 
idizer  for  Z  — *■  0  (positive  curvature)  and  mainly  convex 
towards  the  fuel  stream  for  Z  —>  1  (negative  curvature),  on 
the  other  hand,  for  Z  «  0.5,  the  mean  curvature  is  closed 
to  zero  but  large  fluctuations  are  observed,  denoted  by  the 
value  of  the  square  curvature  ((V.n)2)  .  From  this  sim¬ 
ple  analysis  and  introducing  a  wrinkling  length  scale  Lf  of 


Figure  9:  Profiles  of  the  surface  averaged  strain  rate, 
(V.u-nn:Vu).  plotted  as  a  function  of  the  mean  mix¬ 
ture  fraction  Z  for  a  given  downstream  location  and  three 

turbulence  levels.  Case  A  ( ReT  =  105)  -  ,  Case  B 

( R^t  =  201)  ,  Case  C  (Rex  —  310) - .  Quanti¬ 

ties  are  normalized  by  t~\. 
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Figure  10:  Transverse  profiles  of  the  surface  averaged  curva¬ 
ture  (V.n). - and  square  curvature  ((V.n)2) - 

plotted  as  a  function  of  ~Z .  Bold  lines  correspond  to  DNS 
data,  normal  lines  refer  to  model.  Curvature  is  normalized 
by  square  curvature  is  normalized  by  L~ Case  B. 


the  flame  front  (similar  to  the  one  proposed  by  Bray  et  al. 
■  1987  for  turbulent  premixed  combustion),  we  have: 

(v-n)s  Iz-o^T]  ;  (10) 

Assuming  a  constant  molecular  diffusivity  D  and  neglect¬ 
ing  the  normal  contribution  in  w  (equivalence  ratio  0  =  1), 
a  linear  estimate  for  (V.n)3  leads  to  (Van  Kalmthout  et  al. 
1996b): 

(11) 

Lf 

where  Z *  is  a  constant  estimated  as  Z*  =  Zst  =  0.5. 

This  analysis  is  well  sustained  from  DNS  data  as  shown 
on  figure  11  where  the  surface  averaged  displacement  speed 
(in)  ,  hs  displayed  as  a  function  of  the  mean  mixture  frac¬ 
tion  Z  for  the  three  cases  A  -  C.  (w)s  is  found  to  be  a 
linear  function  of  Z  with  a  slope  slightly  increasing  with 
the  Reynolds  number.  Following  this  analysis,  The  flame 
wrinkling  length  Lf  decreases  slightly  when  the  turbulence 
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and  the  flame  front  is  more  wrinkled. 


Z 

Figure  11:  Surface  averaged  displacement  speed  (w)s  ver¬ 
sus  Z.  Case  A  (Rer  —  105)  - ,  Case  B  ( Rer  =  201) 

- ,  Case  C  ( Rer  =  310) - .  Quantities  are  normal¬ 
ized  by  aref. 


Z 

Figure  12:  Displacement/curvature  term  (loV.n).  ver¬ 
sus  Z .  Case  A  (Rer  =  105)  - ,  Case  B  (Rex  —  201) 

- ,  Case  C  (Rer  =  310) - .  Quantities  are  normal¬ 
ized  by  Or efL~'f. 

Reynolds  number  Rer  increases,  corresponding  to  an  in¬ 
crease  of  the  flame  front  wrinkling  and  of  the  total  flame 
surface  area  (Fig.  5). 

The  displacement/curvature  term  (w  V.n)s  is  plotted  as 
a  function  of_Z  on  figure  12.  This  term  is  always  a  sink 
term  in  the  E-equation  and  slightly  increases  with  the  tur¬ 
bulence  Reynolds  number  Rer  because  of  the  higher  values 
of  {(V.n)2)s  (Eq.  8). 

CONCLUSIONS 

The  influence  of  the  turbulence  Reynolds  number  on  a 
spatially  developing  diffusion  flame  is  analyzed  by  direct 
numerical_simulations.  Mean  reaction  rates^  flame  surface 
densities  E  and  some  terms  of  an  exact  E-equation  are 
extracted  from  DNS  data.  The  global  reaction  rate  is  found 
to  increase  with  the  turbulence  Reynolds  number.  This 
increase  is  due  both  to  the  increase  of  the  local  reaction 
rate  Vf  (increase  of  the  local  scalar  dissipation)  and  of 
the  total  flame  area  E  because  of  the  strain  rate  term  in 
the  E-equation.  As  the  Reynolds  number  increases,  the 
maximum  value  of  the  flame  surface  density  E  decreases 
but  the  spatial  extension  of  the  flame  brush  is  increased 
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INTRODUCTION 

As  most  combusting  flows  exhibit  large  scale  coherent 
structures  (Coats  1996),  large  eddy  simulations  (LES)  is  a 
very  promising  tool  for  their  numerical  simulations.  In  this 
approach,  large  coherent  structures  are  explicitely  com¬ 
puted  whereas  the  effects  of  the  smallest  turbulent  scales 
are  modelled. 

For  example,  LES  could  be  a  powerful  approach  for  nu¬ 
merical  simulations  of  combustion  instabilities  (Menon  and 
Jou  1991).  These  instabilities,  due  to  a  coupling  between 
heat  release,  hydrodynamic  flow  field  and  acoustic  waves, 
are  characterized  by  large  coherent  structures  and  have  to 
be  avoided  because  they  induce  noise,  variations  of  the  sys¬ 
tem  characteristics,  large  heat  transfers  and  may  lead  to 
the  system  destruction.  Then,  LES  seems  to  be  a  well 
adapted  approach  to  predict  the  occurence  of  such  insta¬ 
bilities  and  to  numerically  test  passive  or  active  control 
methods. 

Large  eddy  simulations  could  also  allow  a  better  descrip¬ 
tion  of  the  turbulence  /  combustion  interactions  because, 
in  LES,  large  structures  are  explicitely  computed  and  in¬ 
stantaneous  fresh  and  burnt  gases  zones,  where  turbulence 
characteristics  may  be  quite  different,  are  clearly  identified. 

Unfortunately,  a  large  range  of  characteristic  times  and 
length  scales  are  involved  in  combustion  phenomena  and 
development  of  subgrid  scale  models  is  a  difficult  task.  The 
thickness  6l  of  a  premixed  flame,  about  0.1  to  1  mm,  is 
generally  smaller  than  LES  mesh  size  A.  Species  mass  frac¬ 
tions  and  temperature  are  very  stiff  variables  and  the  flame 
structure  cannot  be  resolved  in  the  computation.  Two  ap¬ 
proaches  have  been  proposed  to  overcome  this  difficulty: 

•  Artificially  thickened  flame  (Butler  and  O’Rourke 
1977).  In  this  approach,  the  thickness  of  the  flame 
front  is  increased,  keeping  constant  the  laminar  flame 
speed.  Then,  the  structure  of  the  thickened  flame  is 
resolved  on  the  LES  computational  mesh  and  complex 
chemistry  schemes  may  be  easily  incorporated.  Nev¬ 
ertheless,  lengths  and  time  scale  ratii,  comparing  tur¬ 
bulence  and  combustion  characteristics  are  affected  in 
an  unpredictable  way. 

•  Flame  front  tracking  technique  (G-equation).  The 
flame  is  assumed  to  be  a  thin  interface  separating  fresh 


and  burnt  gases  (“flamelet”)  and  is  described  as  the 
iso-surface  G  of  a  field  variable  G .  This  approach  is 
retained  in  the  present  work. 

Under  the  widely  used  flamelet  concept,  the  flame  sur¬ 
face  is  described  as  an  infinitely  thin  propagating  surface. 
The  key  idea  of  the  G-equation  approach  is  to  track  the 
position  of  the  flame  front  using  a  field  variable  G.  The 
flame  surface  is  associated  with  the  G  =  G*  iso-level  sur¬ 
face  (Kerstein  et  al.  1988).  The  G-field  does  not  have 
to  follow  the  gradients  of  the  progress  variable  c  and  can 
be  smoothed  out  to  be  resolved  on  the  LES  mesh.  The 
G-equation  is  written: 

Tjjjj-  +  u.VG  =  w  | VG|  (1) 

where  w  is  the  local  displacement  speed  of  the  iso-surface 
G,  relative  to  the  flow  velocity  u.  Nevertheless,  this  kine¬ 
matic  description  of  the  combusting  flow  field  leads  to  var¬ 
ious  difficulties  for  non  constant  density  flows  (Piana  et  al. 
1996).  First,  the  flame  front  displacement  speed  w  is  af¬ 
fected  by  thermal  expansion  and  should  be  corrected  for 
density  variation.  A  coupling  is  also  needed  between  the 
G-equation  and  the  species  or  energy  balance  equations.  In 
fact,  the  G-equation  corresponds  to  a  kinematic  description 
of  the  flame  front  and  involves  its  displacement  speed  w. 
On  the  other  hand,  the  reactant  consumption  and  the  heat 
release  rate  are  controlled  by  the  consumption  speed  Sc.  Of 
course,  w  and  Sc  are  related  but  may  be  quite  different,  es¬ 
pecially  in  high  flame  front  curvature  zones  as  pointed  out 
by  Poinsot  et  al.  (1991).  The  displacement  speed  w  may 
also  be  quite  different  from  the  laminar  flame  speed  Si. 

In  a  LES  context  (Moser  1996;  Menon  1996),  the  G- 
equation  is  generally  used  to  describe  the  filtered  G  field 
as: 

QQ  _  _ 

-7—  +  u.VG  =  St  |VG|  (2) 

where  a  subgrid  scale  turbulent  flame  speed  is  intro¬ 
duced.  Overbar  denotes  LES-filtered  quantities: 

Q(x)  =  [  Q(x’)F(x- x*)dx’  (3) 
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where  F  is  the  LES  filter  in  the  physical  space  and  x  the 
spatial  location.  The  turbulent  flame  speed  St  is  generally 
modeled  extending  experimental  fits  of  the  mean  turbulent 
flame  speed  in  Reynolds  averaging  context: 

l  =  — ©"  w 

where  u'  is  the  rms  of  the  subgrid  scale  velocity  fluctuations 
and  a  and  n  two  constants.  Unfortunately,  the  turbulent 
flame  speed  is  not  a  well  defined  quantity  (Gouldin  1996) 
and  the  scatter  of  experimental  data  is  very  large.  Then, 
no  universal  model  is  available  for  St- 
The  objective  of  the  present  work  is  to  propose  a  refined 
closure  of  the  G-equation  based  on  flame  surface  density 
and  flame  front  wrinkling  concepts. 

THEORETICAL  ANALYSIS 

The  application  of  a  Favre-LES  filter  to  the  G- 
equation  (1)  leads  to: 


+  V.puG  = 


V.  (p  Gu-Gt  ) 

s  v  .  y 

unresolved  transport 

pw  |  vg| 

front  displacement 


where  the  Favre  filter  Q  is  defined  by: 


1  =  J  pQ(*r 


’)F(x  —  z*)  dx’ 


Two  unclosed  terms,  corresponding  respectively  to  un¬ 
resolved  transport  and  to  front  displacement,  are  found  in 
Eq.  (5)  and  have  to  be  modeled. 

Unresolved  transport 

In  the  present  simulations,  the  unresolved  transport 
terms  in  G-equation,  as  in  other  filtered  transport  equa¬ 
tions,  is  closed  using  a  classical  gradient  assumption  (as 
for  a  passive  scalar): 

p[gS-5s]  =  -g©G  (?) 

where  S G  is  a  Schmidt  number  assumed  to  be  constant. 
The  subgrid  scale  turbulent  viscosity  pt  is  determined  from 
a  filtered  structure  function  (Ducros  et  al.  1996): 


p  A  \f~p2 


Pt  =  0.00084  p 


where  the  filtered  structure  function  F2: 


F2  =  m  (x  +  A 


)  -  « (x) 


is  estimated  at  the  location  x(i,  j,  k)  from  the  six  adjacent 
points  (i  +  1  ,j,k),  ( i  -  1  ,j,k),  ( i,j  +  l,k),  ( i,j  -  1  ,k), 
( i ,  j,  k  + 1)  and  (i,  j,  k  —  1),  using  a  three  iterated  Laplacien 
filter  (Ducros  et  al.  1996). 

Flame  front  displacement 

The  front  displacement  term  is  rewritten  as: 


pw  VG 


=  J  pw\VG\F(x-x')dx' 

=  j  J  pw  |VG|  5  (G  -  G')  F(x  -  x')dG'dx' 
=  f  ( Pw)a$‘T.a'dG '  =  (pw)s E  (10) 

Jo 


where  6  is  the  Dirac  delta  function.  EG  is  the  subgrid 
surface  density  of  the  iso-surface  G  =  G  and  (u>).  is  the 
averaged  displacement  speed  w  averaged  along  the  surface 
G  —  G‘  at  the  subgrid  level.  These  quantities  are  defined 
by: 

=  J  |VG|«(G-G')  F(x-x')dx'  (11) 

and 

(pw)f'EG'  =  J  pw|VG|«5(G  — G')  F{x-x')dx'{  12) 

E  and  (u>)  =  ,  introduced  in  Eq.  (10),  may  be  viewed  as 
generalized  subgrid  flame  surface  density  and  surface  aver¬ 
aged  flame  displacement  speed,  defined  as: 

E  =  [  E  a'dG' 

Jo 

-a  jVG|fi(G-G')  F(x-x')  dx'dG' 

=  Wg\  (13) 


(pw)s  = 


l1  (pw)?Za'dG' 


Jo*  f  pw  |- VG|  6  (G  -  G')  F(x  -  x‘)  dx1  dG1 


pw  VG 


Quantities  such  as  E°  ,  {pw)f  ,  E  and  {pw)s  have  now  to 
be  modelled.  Averaged  displacement  speed  along  the  flame 
front  may  be  estimated  from  the  laminar  flame  speed  Sl 
and  the  fresh  gases  density  p0  as: 

(pw)s  —  {pw)f  =  p0SL  (15) 

Subgrid  scale  surface  densities  EG  and  E  may  be  de¬ 
scribed  from  algebraic  expressions  or  by  a  balance  equa¬ 
tion.  Starting  from  equation  (1)  and  definitions  (11)  and 
(13),  there  is  no  theoretical  difficulties  to  derive  exact,  but 
unclosed,  balance  equations  for  E°  or  E.  From  equa¬ 
tion  (1),  one  easily  obtains  a  balance  equation  for  IvgI: 


1  1  +  V.  [«|VG|]  =  (V.u-rin  :  Vtt)  |VG| 

-  V.  [um|VG|]  +«)V.n|VG|  (16) 

where  n  is  the  unit  vector  normal  to  the  iso-G  surface, 
defined  by: 

*=-■2°  (17) 

|  VG  | 

and  V.n  is  the  iso-surface  curvature.  Eq.  (16)  becomes, 
after  filtering  and  using  the  previous  definitions: 

+  V.  [(w)sE]  =  (V.u-  nn  :  Vu)s 

—  V.  [(tnn)sE]  +  (wV.n)sE  (18) 

The  two  first  terms  in  the  right  hand  side  correspond  re¬ 
spectively  to  the  strain  rate  acting  on  the  G-isosurface  and 
to  the  normal  front  displacement.  The  last  term  combines 
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propagation  and  curvature  effects.  In  fact,  this  equation 
is  formally  identical  to  the  balance  equation  for  flame  sur¬ 
face  density  widely  used  in  Reynolds  averaged  equations 
(Trouve  and  Poinsot  1994;  Vervisch  et  al.  1995). 


An  alternative  formulation  is  to  recast  surface  densities 
in  terms  of  surface  wrinkling.  The  subgrid  scale  wrinkling 
of  the  G'-iso-surface  (i.e.  the  subgrid  scale  G'-iso-surface 
divided  by  the  projection  of  this  surface  in  the  resolved 
propagating  direction)  may  be  defined  by: 


Eo>  =  /|VG|g(G-G').F(z-sVx' 

rip.  f  n  |VG|  8{G  —  G’)  F(x  -  x')  dx' 

where  n  is  the  unit  vector  normal  to  the  G'-surface  and 
np  is  the  unit  vector  normal  to  the  resolved  propagating 
direction.  They  are  defined  by: 


n  =  — 


VG 

vg| 


and  rip 


VG 

VGl 


(20) 


Assuming  that  the  G-field  is  large  compared  to  the  F- 
filter  size  (i.e.  the  filtered  conditioned  G-gradient  may  be 
estimated  from  the  filtered  G-gradient)  leads  to  the  follow¬ 
ing  estimate: 


In  the  G-equation  framework,  only  the  G*-iso-level  sur¬ 
face,  denoting  the  flame  position,  has  to  be  precisely 
tracked.  Then,  combining  Eq.  (14)  and  (21)  and  intro¬ 
ducing  the  flame  front  wrinkling  factor  E  =  Ea  ,  the  front 
displacement  term  in  Eq.  (5)  is  written: 


pw  |VG|  ss  ( pw)sE  |VG|  sa  p0SLE  |VG|  (22) 

where  (pw)s  is  estimated  from  the  laminar  flame  speed  Sl 
and  the  density  of  fresh  gases,  po.  A  transport  equation, 
formally  identical  to  the  one  proposed  by  Weller  (1993) 
in  a  Reynolds  average  context,  may  also  be  derived  for  E, 
replacing  E  by  E  |VG|  in  Eq.  (18). 


To  solve  a  balance  equation  for  the  subgrid  scale  flame 
surface  density  E  or  the  subgrid  flame  front  wrinkling  E  is 
probably  a  promising  appoach.  But,  in  a  first  step,  a  simple 
algebraic  expression  is  proposed  to  describe  the  flame  front 
wrinkling  E  in  order  to  close  the  front  displacement  term 
in  Eq.  (5). 


ESTIMATION  OF  THE  FLAME  FRONT  WRIN¬ 
KLING  FACTOR  E 

Veynante  et  al.  (1994,  1996)  have  performed  instanta¬ 
neous  flame  front  visualizations  in  a  turbulent  T-shaped 
premixed  flame  (Fig.  1).  In  this  experiment,  a  laser  sheet  is 
used  to  visualize  the  flow  field  seeded  with  oil  droplets.  As 
the  droplets  burn  at  the  flame  front,  the  interface  between 
illuminated  and  dark  areas  on  the  images  corresponds  to 
the  flame  front.  Then  a  statistical  analysis  may  be  con¬ 
ducted  to  extract  flame  front  characteristics  such  as  flame 
surface  densities  (in  a  Reynolds  averaging  context),  vectors 
normal  to  the  flame  front  or  front  curvatures. 

The  instantaneous  images  may  also  be  processed  in  a 
LES-context  to  extract  the  subgrid  scale  flame  surface  den¬ 
sity  E  or  the  flame  front  wrinkling  E.  An  example  of  exper¬ 
imental  results  is  displayed  on  Fig.  2  where  E  is  plotted  as  a 
function  of  the  size  A  of  the  square  box  filter.  As  expected, 
the  wrinkling  factor  increases  from  1  (no  wrinkling  at  the 
subgrid  scale  level)  to  a  constant  value  5maJ,  depending  on 
turbulence  characteristics  and  chemical  equivalence  ratio, 


Figure  1:  Experimental  configuration  of  Veynante  et  al. 
(1994,  1996).  A  turbulent  premixed  propane-air  flame  is  sta¬ 
bilized  behind  a  small  rod.  A  V-shape  flame  is  observed.  As 
the  flow  is  seeded  with  oil  droplets  burning  at  the  flame  front, 
the  instantaneous  flame  front,  separating  fresh  gases  (c  =  0) 
from  burnt  gases  (c  =  1)  is  visualized  using  a  laser  sheet. 


Figure  2:  Experimental  measurements  of  the  subgrid  scale 
flame  front  wrinkling  E  plotted  as  a  function  of  the  LES  mesh 
size  A  (in  m).  Data  extracted  from  the  flame  front  visual¬ 
izations  made  by  Veynante  et  al.  (1994,  1996).  Input  flow 
speed:  8  m/s;  turbulence  level:  10  %,  equivalence  ratio:  0.78. 
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Figure  3:  Numerical  configuration 


when  the  filter  size  exceeds  the  outer  cut-off  scale  Lout  (i.e. 
the  larger  wrinkling  scale)  of  the  flame  front.  A  simple  fit 
may  be  proposed  to  describe  E: 

5  =  1  +  (Emax  -  1)  ^1  —  exp  ]  (23) 

where  Emax  and  L0nt  have  to  be  modeled,  for  example 
using  fractal  or  Bray-Moss- Libby  theories. 

Classical  expressions  for  turbulent  flames  speed  St 
(Eq.  4)  may  be  easily  recovered.  Assuming  that  Emax  is  in¬ 
versely  proportional  to  the  flame  wrinkling  length  scale  Ly 
introduced  by  Bray  et  al.  (1987),  E max  may  be  estimated 
as: 


where  the  outer  cut-off  scale  Lout  is  used  as  a  scaling  factor, 
a  is  a  model  constant.  When  the  wrinkling  length  Ly  is 
large,  E max  ~  1  corresponding,  as  expected,  to  no  flame 
front  wrinkling  at  the  subgrid  scale  level.  Estimating  the 
outer  cut-off  scale  Lout  using  the  turbulence  integral  length 
scale  lt  and  replacing  Ly  by  the  expression  proposed  by 
Bray  et  al.  (1987),  leads  to: 


The  proposed  approach  is  quite  attractive:  in  its  simplest 
forms,  expressions  proposed  to  model  the  subgrid  turbulent 
flame  speed  ST  are  recovered  but  the  formulation  could 
be  easily  refined,  using  an  algebraic  expression  or  a  balance 
equation  for  the  flame  surface  density  £  or  the  flame  front 
wrinkling  E. 

NUMERICAL  TESTS 

A  premixed  flame  propagating  in  a  turbulent  flow  field  is 
simulated  using  a  LES  version  of  the  DNS  code  NTMIX- 
3D  (Stoessel  1995).  An  homogeneous  and  isotropic  tur¬ 
bulence,  decreasing  with  time,  is  initialized,  according  to 
a  Von  Karman  -  Pao  turbulence  spectrum  (Hinze  1975), 
in  a  rectangular  box  (Fig.  3).  The  computational  grid  is 
128  x  32  x  32.  A  plane  laminar  flame  is  superimposed 
to  the  flowfield  a  time  t  =  0,  separating  fresh  reactants  on 
the  left-hand  side  ( x  <  0)  from  burnt  products  on  the  right 
( x  >  0).  The  left-  and  the  right-  sides  of  the  computational 
domain  are  inflow  and  outflow  boundaries  (non-reflecting 
conditions)  while  periodic  conditions  are  applied  at  lateral 
boundaries.  The  problem  is  statistically  one-dimensional. 
After  the  initial  time  t  —  0,  the  flame  front  is  wrinkled  by 
turbulent  motions. 

Unresolved  transport  terms  are  modeled  using  a  filtered 
structure  function  to  estimate  the  subgrid  turbulent  vis¬ 
cosity  (Eqs.  7  and  8).  Turbulent  Prandtl  and  Schmidt 
numbers  for  temperature  and  scalar  diffusion  are  chosen 
constant  and  equal  to  0.6.  In  a  first  step,  a  constant  value 
of  the  subgrid  scale  factor  E  is  assumed. 


where  C  and  n  are  two  constants.  Then: 


SL 


1  + 


C  \SL 


(26) 


which  corresponds  to  Eq.  (4).  A  similar  result  may  also  be 
achieved  form  fractal  theory. 


The  first  computation  is  conducted  with  a  low  turbulence 
level.  The  turbulence  Reynolds  number  Ret,  based  on  the 
integral  length  scale  lt,  the  velocity  fluctuation  u  and  the 
viscosity  of  fresh  gases  u,  is  Ret  =  u'lt/v  =  200.  An  in¬ 
stantaneous  snapshot  of  the  flame  front,  described  with  the 
G  =  0.5-isosurface,  is  plotted  on  Fig.  4  together  with  cuts 
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of  the  vorticity  field  at  the  boundaries.  The  wrinkling  of 
the  flame  surface  remains  low  and,  because  of  viscous  ef¬ 
fects  induced  by  the  higher  temperature,  the  turbulence 
structures  have  almost  disappeared  in  the  burnt  gases.  In 
fact,  this  computation  is  closed  to  a  direct  numerical  sim¬ 
ulation  and  subgrid  scale  models  are  not  predominant. 

On  the  other  hand,  when  the  turbulence  Reynolds  num¬ 
ber  is  increased  to  Re,  =  5000  (Fig.  5),  the  resolved  flame 
front  is  clearly  more  wrinkled  and  turbulence  structures  re¬ 
main  in  the  burnt  gases  side.  Such  a  computation  cannot 
be  conducted  by  DNS. 

CONCLUSIONS 

A  new  LES  subgrid  scale  model  for  reacting  flow  field  is 
proposed  in  the  G-equation  framework.  This  approach  is 
based  on  a  subgrid  flame  surface  density,  or  subgrid  flame 
front  wrinkling,  description.  This  concept  is  very  attractive 
because,  in  its  simplest  form,  classical  expressions  for  the 
subgrid  turbulence  flame  speed  St  are  recovered  but  this 
analysis  may  be  easily  refined  using  algebraic  expressions 
or  solving  transport  equations  for  the  flame  surface  density 
E  or  the  flame  front  wrinkling  factor  E. 

Two  preliminarly  tests  have  been  presented.  When  the 
initial  turbulence  Reynolds  number,  Ret,  is  low  (Ret  = 
200),  the  wrinkling  of  the  flame  front  remain  low  and  the 
turbulence  structures  disappears  in  the  burnt  products  be¬ 
cause  of  viscous  effects.  This  simulation  could  be  con¬ 
ducted  using  direct  numerical  simulation.  But,  the  sec¬ 
ond  test  case  with  a  higher  turbulence  Reynolds  number 
(Re,  =  5000)  clearly  shows  that  numerical  simulations  of 
high  Reynolds  numbers  reacting  flows  are  possible  with  our 
approach.  In  this  case,  the  resolved  flame  front  is  clearly 
wrinkled  and  turbulence  structures  are  not  dissipated  in 
the  burnt  products. 

These  preliminarly  results  have  now  to  be  validated  to 
show  the  ability  of  this  G-equation  formulation  to  provide 
quantitative  informations  on  the  structure  on  a  hightly  tur¬ 
bulent  reacting  flow.  The  proposed  model  should  also  be 
improved.  In  a  first  step,  algebraic  expressions  for  the  sub¬ 
grid  scale  wrinkling  of  the  flame  front,  E,  or  for  the  subgrid 
flame  surface  density,  E,  will  be  tested.  Dynamic  formu¬ 
lations  of  these  algebraic  expressions  are  also  under  devel¬ 
opments. 
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Figure  4:  Instantaneous  snapshot  of  a  premixed  flame  propagating  in  a  turbulent  flow.  The  flame  front,  corresponding  to 
G *  =  0.5-iso-level,  is  displayed  with  cuts  of  the  vorticity  field.  The  flame  separates  fresh  reactants  on  the  left  side  of  the  figure 
from  burnt  products  at  the  right  side.  The  turbulence  Reynolds  number  is  Ret  —  u'lt/v  =  200  where  lt  is  the  integral  length 
scale,  u  the  initial  turbulence  level  in  the  fresh  gases  and  v  the  kinematic  viscosity  of  fresh  gases. 


Figure  5:  Instantaneous  snapshot  of  a  premixed  flame  propagating  in  a  turbulent  flow.  The  flame  front,  corresponding  to 
G*  =  0.5-iso-level,  is  displayed  with  cuts  of  the  vorticity  field.  The  flame  separates  fresh  reactants  on  the  left  side  of  the  figure 
from  burnt  products  at  the  right  side.  The  turbulence  Reynolds  number  is  Ret  =  u'lt/v  =  5000  where  U  is  the  integral  length 
scale,  u‘  the  initial  turbulence  level  in  the  fresh  gases  and  v  the  kinematic  viscosity  of  fresh  gases. 
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ABSTRACT 

The  fuel  concentration  and  enthalpy  joint  pdf  approach  is 
considered  here  in  order  to  simulate  the  propagation  of  a 
turbulent  premixed  flame  in  a  closed  vessel,  like  in  S.I.  en¬ 
gines.  A  Lagrangian-Eulerian  Monte  Carlo  method  is  used 
to  solve  the  corresponding  pdf  transport  equation.  In  this 
equation,  although  the  reaction  term  needs  no  modefling 
except  the  kinetic  scheme,  two  terms  have  to  be  modelled, 
namely  the  micromixing  term  which  represents  the  trans¬ 
port  in  composition  space  due  to  molecular  effects,  and  the 
turbulent  convection  term  which  characterizes  the  turbu¬ 
lent  dispersion  in  the  physical  space.  This  paper  focus  on 
the  modelling  of  this  last  term.  The  turbulent  convection 
transport  of  the  stochastic  particles  in  the  physical  space 
is  represented  by  two  different  models.  The  first  one  as¬ 
sumes  the  classical  gradient-diffusion  transport  while  the 
second  one,  which  is  a  generalization  to  reacting  flows  of 
the  Random  Flight  Model  of  Durbin  (1980),  is  based  on  the 
Lagrangian  description  of  the  turbulence  and  evolves  the 
turbulent  velocities  of  the  particles.  The  models  are  pre¬ 
sented  and  tested  in  various  situations,  namely  simple  one 
dimensioned  simulations  with  frozen  turbulence  during  the 
ignition  and  the  flame  propagation,  and  two-dimensional 
simulation  of  a  premixed  flame  in  a  closed  vessel.  The  im¬ 
portance  of  the  turbulent  convective  transport  modelling 
is  thus  emphasized  and  the  effect  of  the  model  on  the  igni¬ 
tion,  the  flame  propagation  and  the  turbulent  flame  char¬ 
acteristics  is  clearly  shown. 

1  INTRODUCTION 

To  calculate  the  properties  of  turbulent  reactive  flow 
fields,  the  probability  density  function  (pdf)  approach 
(Pope  1985,  Dopazo  1994)  is  especially  suited  because  the 


reaction  rate  is  directly  calculated  in  the  governing  equa¬ 
tions.  The  method  considered  here  consists  of  solving 
the  transport  equation  for  the  joint  pdf  of  the  composi¬ 
tions,  namely  the  fuel  mass  fraction  and  the  mass  enthalpy 
including  the  heat  of  formation  of  the  species  involved, 
and  to  calculate  the  velocity  field  using  an  external  Eu- 
lerian  code.  In  this  pdf  equation,  the  transport  in  physi¬ 
cal  space  due  to  turbulent  velocity  fluctuations  has  to  be 
modelled.  Although  conventional  gradient  transport  mod¬ 
els  have  been  proposed  (Janicka  et  al.  1979,  Pope  1985), 
gradient  transport  hypothesis  is  questionable  in  reactive 
flows  (Libby  and  Bray  1981),  especially  for  low  turbulence 
and  high  values  of  the  heat  release  factor  (Veynante  et  al. 
1997). 

In  this  paper,  the  effects  of  the  turbulent  diffusion  of  con¬ 
centration  and  energy  on  the  ignition  and  propagation  of 
premixed  flames  in  a  closed  vessel  are  investigated.  Since 
the  traditional  finite-difference  or  finite- volume  techniques 
are  not  efficient,  a  Monte  Carlo  method  is  used  here  to 
solve  the  scalars  joint  pdf.  Two  different  turbulent  con¬ 
vection  models  are  then  tested:  a  model  based  on  a  gra¬ 
dient  transport  assumption  (Pope,  1985)  and  a  stochastic 
process  for  the  particles  velocity  based  on  a  Lagrangian 
description  of  inhomogeneous  turbulent  dispersion  for  in¬ 
ert  flows  (Durbin  1980)  and  adapted  here  to  reactive  flows. 
This  paper  is  organized  as  follows.  In  section  2,  the  various 
models  of  turbulent  dispersion  are  both  presented  and  the 
generalized  Durbin’s  model  is  tested  and  valided  in  sim¬ 
ple  one-dimensional  inert  configuration.  Section  3  presents 
the  results  of  one-dimensional  and  two-dimensional  simula¬ 
tions  of  the  turbulent  flame  propagation  in  a  closed  vessel, 
and  is  devoted  to  studying  the  effects  of  the  model  on  the 
turbulent  flame  characteristics. 
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2  TURBULENT  CONVECTIVE 
TRANSPORT  MODELLING 

To  study  inhomogeneous  variable-density  flows,  it  is  more 
suitable  to  use  the  mass  density  function  (mdf)  (Pope 
1985)  :  F(4)  —  p(4)f(t)  =  pf(4)  where  f(4)  is  the 
joint  pdf  of  the  scalars  represented  by  4_.  The  transport 
equation  for  the  joint  mdf  is  : 


particles  evolves  in  the  same  way  as  the  pdf  of  fluid  par¬ 
ticles.  For  the  closed  terms  (//,///,  V')  of  equation  (1) 
these  processes  are  very  simple  (Pope,  1985).  The  mod¬ 
elling  of  terms  (VI)  and  (VII)  which  are  due  to  pressure 
and  to  viscous  effects  is  presented  in  Galzin  (1996).  The 
micromixing  (VIII)  which  is  a  crucial  point  of  the  pdf 
approach  is  often  represented  by  one  of  the  two  classical 
models  proposed  by  Dopazo  O’Brien  (1974)  or  Curl  (1963). 


(I) 


(in 


(in) 

wF(±)  T(4) 


(IV) 
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p(±) ) 
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(VIII) 
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where  4  represents  the  couple  of  physical  variables  (Y,h) 
and  4_  represents  the  corresponding  couple  of  probabilis¬ 
tic  variables  associated  to  4.  The  overbars  and  the 
7  denote  Reynolds  averaged  quantities  and  Favre  aver¬ 
aged  quantities  respectively.  The  primes  denote  fluctua¬ 
tions.  The  quantities  within  angular  bracketts  are  condi¬ 
tional  expectations  :  for  any  function  R,  (R\4)  written  for 
(R(x,t)\4(x,t)  =  4)  is  the  conditional  expectation  of  R 
given  that  4  =  4_. 


The  pdf  considered  here  is  an  Eulerian  one.  Indeed, 
it  is  the  pdf  of  fluid  properties  at  a  given  spatial  loca¬ 
tion.  Following  Pope  (1985),  the  approach  used  for  solv¬ 
ing  equation  (1)  is  a  mixed  Lagrangian- Eulerian  Monte 
Carlo  method.  Within  a  device  of  volume  V  with  a  cor¬ 
responding  mass  M,  the  initial  mdf  is  represented  by  a 
large  number  N  of  stochastic  particles,  each  representing 
a  mass  Am  —  M/N.  In  order  to  contribute  at  each  point 
x  and  each  time  t  to  the  discrete  representation  of  the  mdf, 
these  particles  evolve  in  physical  and  composition  spaces 
according  to  adapted  stochastic  processes.  Let  us  divide 
the  volume  V  into  c  cells.  The  average  mass  density  ~pk 
in  cell  number  k  of  volume  Vk  is  calculated  by  the  relation 
(see  Pope  1985)  : 

-  A  Nk 
p,.  =  Am  - 

Vk 

where  Nk  denotes  the  number  of  particles  in  the  considered 
cell.  The  Favre  average  of  any  property  Q(4)  in  cell  k  is 
determined  using  : 


Here,  we  focus  our  attention  on  term  (IV)  which  rep¬ 
resents  the  transport  in  physical  space  due  to  turbulent 
velocity'  fluctuations.  By  just  considering  the  transport,  in 
physical  space  and  assuming  a  given  turbulence  with  no 
mean  flow,  the  mdf  equation  (1)  can  be  simply  written  : 

~ W  =  -£-(<u'|0  =  0)1F(^)  (2) 

The  joint  scalars  pdf  contains  no  information  about  the 
velocity  and  thus,  the  expectation  (u(  |0)  has  to  be  mod¬ 
elled. 


2.1  The  Pope’s  model  (1985) 

Using  the  gradient  diffusion  assumption  for  the  pdf  / (4), 
equation  (2)  can  be  written  as  follows  (Pope,  1985)  : 


dT(±) 

dt 


d  (-  .  9 


(3) 


where  the  turbulent  diffusion  coefficient  is  dj  —  vt/Scf, 
ut  is  the  turbulent  diffusivity  coefficient  defined  by  ut  = 
Cfjk2/e  and  Sc/  is  a  turbulent  Schmidt  number,  k  and 
e  represent  the  turbulent  energy  and  the  corresponding 
dissipation  respectively. 

The  stochastic  process  for  the  location  xt  (i  =  1,2,3) 
of  the  stochastic  particles  corresponding  to  (3)  is  (Pope 
1985)  : 


xi(t  +  6t)-xi(t)=  =  6t+  JTds  AStWt  (4) 

p  axi 

where  A stWt  represents  a  Gaussian  white-noise  process 
defined  by  AftWt  =  V5t  £,.  The  variable  f  denotes  an 
independant  standardized  Gaussian  random  variable  with 
zero  mean  and  variance  equal  to  1. 

2.2  The  Durbin’s  model  (1980) 

Following  the  theory  of  Taylor  (1921)  for  the  homogeneous 
cases,  Durbin  proposed  a  model,  which  takes  into  account 
the  temporal  correlations  of  the  particles  velocity,  adapted 
to  variable  Lagrangian  time  scale  situations.  The  model 
is  presented  firstly  here  for  homogeneous  flows  in  finite 
difference  form  (in  the  y  direction):  the  subscript  n  denotes 
a  value  at  the  nth  time  step 


«*  ~  jE® 

j  Vn 

=  a  Vn- 

Nk 

1  Vn 

=  Vn-l 

where  4n  =  (07,0")  represents  the  properties  of  particle 
number  n  located  in  cell  k.  Thus,  the  ensemble  average 

where 

over  the  particles  in  the  cell  k  approximates  the  density- 

1  -** 
Tl 

weighted  average. 

a 

The  problem  is  then  to  find  stochastic  processes  that  gov¬ 
ern  the  particles  evolution  and  so  that  the  pdf  of  these 

■  = 

<T«%/l  -  : 

(5) 


(6) 
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and  with  the  initial  condition 


DO  =  <Tv  ?0 


(7) 


As  previously,  (?)  is  a  set  of  independant  Gaussian  random 
numbers  with  zero  mean  and  variance  equal  to  1.  For 
homogeneous  flows,  <rt,  represents  the  variance  of  the  par¬ 
ticle  velocity  and  Tl  is  the  Lagrangian  time  scale.  This 
model  clearly  tends  to  recover  the  properties  of  the  turbu¬ 
lent  motion  of  fluid  particles  that  are  : 

•  The  velocity  fluctuations  are  nearly  random  Gaus¬ 
sian  variables,  according  to  observed  turbulent  fluc¬ 
tuations. 

•  The  fluid  particles  keep  the  memory  of  their  past 
states  during  a  finite  time. 

For  inhomogeneous  flows1 ,  two  different  situations  have 
to  be  considered  : 


•  A t  <  Tl  ’.  The  homogeneous  process  (5-6)  is  used  with 
a  two  steps  predictor-corrector  method.  Indeed,  the 
parameters  a  and  b  (see  relation  (6))  are  evaluated  at 

2/n+ 1/2' 

•  At  >  Tl:  The  system  (5-6)  is  no  longer  valid  and 
Durbin  proposes  intuitively  a  process  which  recov¬ 
ers  the  Pope’s  model  for  inhomogeneous  inert  flows. 
Thus,  he  introduces  the  following  drift  velocity  for 
the  particles  : 


VD  —  a  v2 


dTL 

dy 


Indeed,  a  particle  moving  in  a  direction  of  increasing 
Tl  persists  in  its  motion  longer  than  an  other  particle 
moving  in  a  direction  of  decreasing  Tl. 

For  homogeneous  flow,  the  model  parameters  av  and  Tl 
can  be  estimated  from  the  Eulerian  quantities,  namely  the 
turbulence  intensity  and  the  turbulent  integral  time  scale 
(Hinze  1975).  It  can  be  shown  as  well  that  the  asymptotic 
limit  (t  >  Tl)  of  the  Durbin’s  or  Taylor’s  dispersion  model 
corresponds  to  a  classical  diffusion  process  with  a  turbu¬ 
lent  diffusion  coefficient  d*  defined  by  : 


d* 


<rl  Tl 


(8) 


In  order  to  recover,  in  the  limit  t  >  Tl,  the  turbulent 
diffusion  coefficient  prescribed  by  the  classical  k  —  e  model, 
namely  d*  —  k  r(  (CM  =  0.09),  the  Lagrangian  time 
scale  Tl  and  the  variance  av  are  evaluated  in  the  following 
way  : 


k 

Tl 


Tt 


9>t 

Co 


=  Co 


(9) 

(10) 


The  constant  Co  is  not  universal.  Berlemont  (1981)  picked 
Co  =  0.2  while  Picart  et  al.  (1986)  adopted  Co  =  0.14. 
According  to  Hinze  (1975),  the  constant  C0  ranges  from 
0.2  to  0.6.  In  the  following,  Co  =  0.3. 


'The  feature  which  characterizes  inhomogeneous  turbulence 
in  Durbin’s  model  (1980)  is  the  spatial  variability  of  the  La¬ 
grangian  time  scale 


2.3  The  generalized  Durbin’s  model 

The  Durbin  stochastic  process  for  the  turbulent  velocity  u, 
of  a  particle  can  be  written  equivalently  as  follows  (here 
Ui  =  u,  since  the  mean  velocity  is  assumed  to  be  equal  to 
zero)  : 

Ui(t  +  St)  -  Ui(t)  -  -ti,  +  <rv  yjl-a2  ?,  (11) 

where  (?)  always  represents  a  set  of  independant  standard¬ 
ized  Gaussian  random  variables.  Obviously,  the  particles 
are  moving  in  the  physical  space  according  to  the  classical 
process  : 


Xi(t  +  St)  —  xi(t)  =  Ui  St  (12) 

This  process  is  here  generalized  in  order  to  deal  with  tur¬ 
bulent  reacting  flows  (with  variable  density  and  turbulent 
energy  profiles).  The  Eulerian  equation  for  the  particle 
velocity  corresponding  to  (11)  can  be  expressed  by  : 

p  Dm  =  -  Y^-St  +  p  <tv  y/\  -  a2  ?,  (13) 

where  Du,  denotes  the  particular  derivation  of  the  velocity 

Ui. 

Developing  the  LHS  of  (13)  and  averaging  the  new  ex¬ 
pression,  assuming  the  mean  velocity  equal  to  zero,  the 
following  result  can  be  deduced  : 


1  At  d(p  av2) 
P  (Tv  v/1  -  a2  dy 


(14) 


Finally,  the  system  (5-6)  simply  has  to  be  used 
with  (14).  The  variance  property  is  still  valid. 

2.4  Test  and  validation  of  the  new  model  in  a 
simple  inert  case 


Figure  1:  turbulent  profiles  across  the  domain 

Turbulent  dispersion  of  particles  has  been  simulated  in 
a  one  dimensional  bounded  domain  of  length  L  (Aa:  = 
1/40  L).  Initially,  the  particles  are  distributed  in  a  uniform 
manner,  namely  500  particles  per  cell.  Two  cases  are  in¬ 
vestigated  :  firstly,  a  inhomogeneous  stationary  turbulent 
energy  profile  with  constant  density  is  assumed  (see  Fig¬ 
ure  1)  and  secondly,  a  variable  density  profile  is  postulated 
in  a  steady  homogeneous  turbulence  (see  Figure  2).  This 
last  profile  is  very  similar  to  that  encountered  in  flames. 
In  both  cases,  the  mean  velocity  field  is  zero.  The  Fig- 
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particles  density 


Non  dimensional  density  profile 


Figure  2:  density  profile  across  the  domain 


ures  3  and  4  present  the  evolution  of  the  spatial  distri¬ 
bution  of  the  particles  in  the  whole  domain.  As  clearly 
shown  by  these  pictures,  the  original  Durbin  model  does 
not  implicitely  take  into  account  the  drift  velocity  due  to 
the  inhomogeneity  of  k  and  p. 

The  necessary  improvement  of  the  Durbin’s  process  us¬ 
ing  our  modifications  (called  Durbin  bis)  for  both  cases 
studied  is  deary  demonstrated,  in  order  to  verify  the  con¬ 
servation  of  stochastic  particles  in  computational  cells  and 
consequently  the  mass  conservation.  The  original  Durbin’s 
model  is  actually  not  adapted  to  such  situations  (see  Fig¬ 
ures  3  and  4). 


particles  density 


Figure  3:  distribution  of  stochastic  particles 

in  the  domain  -  Na  represents  the  initial  particle 
density  (inhomogeneous  turbulent  intensity  assumption) 


Figure  4:  distribution  of  stochastic  particles  in  the 
domain  (variable  density  assumption) 


3  APPLICATION  TO 

TURBULENT  REACTIVE  FLOWS 

3.1  One  dimensional  configuration 

Lagrangian-Eulerian  Monte  Carlo  simulations  are  per¬ 
formed  in  order  to  simulate  a  ID  turbulent  premixed  flame 
propagation  in  a  closed  vessel  of  200  mm  length.  The  mix¬ 
ture  is  a  propane-air  one  with  equivalence  ratio  equal  to 
0.9.  Calculations  are  performed  in  half  geometry,  and  com¬ 
bustion  is  initiated  on  the  right  side  of  the  computational 
domain,  by  introducing  a  localized  source  term  (Eign  =  3 
mJ  -  A t,gn  —  1  ms)  for  the  enthalpy  in  the  pdf  equa¬ 
tion.  The  energy  released  during  ignition  is  assumed  to 
decrease  linearly  with  time  and  to  vary  spatially  with  an 
exponential  profile  as  well.  An  idealised  steady  homoge¬ 
neous  turbulence  is  assumed  for  simplicity  (u  —  0.8  m/s 
and  integral  length  scale  lt  =  5.4  mm).  The  initial  ther¬ 
modynamic  conditions  of  the  simulations  are  as  follows  : 
To  =  300  K  and  Po  =  3  bar.  All  the  unknown  infor¬ 
mation  required  by  the  various  stochastic  processes  of  the 
Lagrangian  Monte  Carlo  method  are  provided  by  the  Eu- 
lerian  Kiva2  code  from  Los  Alamos  (Amsden  et  al.  1989). 
The  particles  density  is  initially  equal  to  500  particles  per 
cell. 

Figure  5  presents  the  evolution  of  the  temperature 
600  K  in  the  domain  during  the  ignition  period,  using 
the  gradient- diffusion  model  and  the  generalized  Durbin 
model.  The  fresh  gases  velocity  is  plotted  as  well.  A  very 
simple  regular  grid  of  cell  size  A x/lt  —  4.610-2  is  used  for 
this  simulation.  The  micromixing  (see  term  (VIII)  in  equa¬ 
tion  1)  is  here  represented  by  the  well-known  deterministic 
LMSE  model  (Dopazo  &  O’Brien  1974). 

The  crucial  effect  of  the  turbulent  dispersion  of  concen¬ 
tration  and  temperature  on  early  flame  growth  is  clearly 
illustrated  on  that  picture.  The  energy  released  by  the 
spark  in  the  ignition  zone  is  diffusing  more  slowly  with 
the  Durbin  type  model.  Consequently,  the  flame  kernel  is 
growing  faster.  Moreover,  since  the  energy  is  more  con¬ 
centrated  in  the  ignition  volume  using  Durbin  generalized 
model,  the  unbumed  gases  expansion  is  more  intense  than 
using  the  gradient-diffusion  type  Pope  process.  This,  the 
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Figure  5:  position  of  the  temperature  600  K  (mm) 
versus  time  (ms)  and  fresh  gas  velocity  (m/s) 
versus  position  -  LMSE  model  -  ignition  phase 

flame  propagates  faster.  The  behaviour  of  the  two  turbu¬ 
lent  convective  transport  models  is  quite  different.  The 
new  Durbin  type  model  is  more  realistic  since  it  does  not 
consider  the  gradient-diffusion  assumption  which  is  ques¬ 
tionable  for  reactive  flows  but  also,  especially  in  this  sim¬ 
ulation,  since  it  can  take  into  account  the  unsteadiness  of 
the  ignition  period. 

Figure  6  presents  the  results  corresponding  to  the  fully- 
developed  flame  propagation.  Here,  the  cell  size  of  the 
grid  is  such  that  A x/lt  =  0.18.  The  micromixing  is  mod¬ 
elled  in  a  different  way  as  previously  mentionned.  Improv¬ 
ing  the  idea  of  Pope  and  Anand  (1984),  a  new  model  for 
micromixing  (VIII)  has  been  proposed  (Galzin  1996).  It 
considers  the  different  combustion  regimes  and  takes  into 
account  the  eventual  presence  of  flamelets  which  can  be 
more  or  less  perturbed  by  small  scale  turbulence.  A  pa¬ 
rameter  based  on  the  ratio  of  the  Kolmogorov  length  scale 
and  the  laminar  flame  thickness  controls  this  perturbation 
in  the  concentration  space.  The  characteristic  mixing  time 
scale  is  calculated  by  solving  (using  the  Kiva2  code)  the 
transport  equation  for  the  scalar  dissipation  modelled  by 
Mantel  &  Borghi  (1994)  in  the  case  of  fast  chemistry  and 
generalized  to  distributed  combustion  regimes  by  Galzin  k. 
Borghi  (see  Galzin  1996).  The  turbulent  flame  propagates 
faster  using  the  gradient-diffusion  process.  Nevertherless 
the  fresh  gas  speed  behaviour  is  quite  similar  with  the  two 
models.  In  a  view  to  understand  these  results,  Figure  7 
presents  the  temporal  evolution  of  the  non  dimensionalized 
turbulent  flame  speed  and  thickness,  respectively  reduced 
by  u'  and  lt  .  An  important  effect  of  turbulent  dispersion 
on  the  turbulent  flame  characteristics  is  shown.  The  flame 
looks  thinner  with  the  generalized  Durbin  model  and  the 
corresponding  turbulent  flame  speed  is  smaller.  This  can 
be  explained  by  the  slower  diffusion  process  with  Durbin 
type  model. 

3.2  Two  dimensional  simulation 

The  combustion  chamber  is  a  parallelepipedal  constant 
volume  (100  x  60  x  60  mm3).  It  has  been  studied  experi¬ 
mentally  by  Floch  (1990)  and  can  reproduce  aerodynamic 
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Figure  6:  position  of  the  temperature  600  K  (mm) 
versus  time  (ms)  and  fresh  gas  velocity  (m/s) 
versus  position  -  new  mixing  model 
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Figure  7:  reduced  turbulent  flame  speed  and 

thickness  versus  position  of  temperature  600  K  (mm) 


conditions  that  occur  in  S.I  engines.  The  flame  propa¬ 
gates  in  a  propane-air  mixture  with  equivalence  ratio  0.9. 
Combustion  is  ignited  by  an  energy  supply  (Etgn  =  7  m  J- 
&tign  =  1  ms).  At  this  time,  the  turbulence  is  assumed  to 
be  homogeneous  and  isotropic.  The  temporal  evolution  of 
the  turbulent  flow  field  is  calculated  by  a  k  —  e  turbulence 
model  introduced  in  the  Kiva2  code.  Initial  turbulence 
conditions  at  ignition  time  are  u  =  0.8  m/s  and  e  =  150 
m2/s3.  These  conditions  do  not  exactly  correspond  to  the 
experimental  data  given  by  Floch  (1990).  Indeed,  the  tur¬ 
bulent  energy  is  experimentally  calculated  including  the 
contribution  due  to  cycle  to  cycle  variations.  According  to 
the  symmetry  of  the  geometry,  a  simple  two-dimensional 
rectangular  mesh  composed  of  30  x  100  cells  is  used.  Ini¬ 
tially,  the  particles  are  uniformly  distributed,  namely  500 
particles  per  cell. 

The  new  perturbed  flamelet  mixing  model  is  used  in  this 
simulation.  Wall  heat  transfer  is  also  considered  by  intro¬ 
ducing  a  specific  stochastic  process  for  the  enthalpy  vari¬ 
able  (see  Galzin  1996). 

The  Figure  8  presents  the  temporal  evolution  of  the  tem¬ 
perature  600  K  on  the  symmetry  axis  of  the  chamber  and 
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Figure  8:  position  of  the  temperature  600  K  (mm) 
versus  time  (ms)  and  fresh  gas  velocity  (m/s) 
versus  position 


of  the  corresponding  fresh  gas  speed  using  the  various  tur¬ 
bulent  convective  transport  processes.  It  shows  the  ef¬ 
fect  of  the  diffusion  turbulent  term  modelling  on  the  flame 
propagation  in  the  2D  combustion  chamber  and  on  the 
fresh  gas  velocity  due  to  thermal  expansion  as  well.  The 
behaviour  of  the  models  is  different  compared  to  ID  calcu¬ 
lation.  Indeed,  the  Durbin’s  model  leads  to  a  faster  propa¬ 
gation  than  the  Pope’s  model,  which  seems  to  be  in  better 
agreement  with  the  experimental  data2 .  The  difference  be¬ 
tween  the  two  models  can  partially  be  explained  by  the  fact 
that  the  Durbin’s  model  generates  a  thinner  flame  leading 
to  higher  velocity  gradients  and  then  to  a  higher  produc¬ 
tion  of  turbulent  kinetic  energy.  This  last  phenomenum 
was  not  taken  into  account  in  the  ID  simulation  since  the 
turbulence  was  frozen.  In  this  two-dimensional  simulation, 
the  unsteadiness  of  the  turbulence  interacting  with  com¬ 
bustion  seems  to  play  a  important  role.  Nevertherless,  the 
k  —  e  model  used  here  probably  fails  to  correctly  model 
this  interaction.  Consequently,  it  is  quite  difficult  to  valid 
a  turbulent  diffusion  model  rather  than  an  other. 


4  CONCLUDING  REMARKS 

Durbin’s  model  has  been  generalized  in  order  to  study  tur¬ 
bulent  reacting  flows.  The  comparison  with  a  gradient 
diffusion  model  (Pope  1985)  clearly  shows  the  important 
role  of  the  turbulent  diffusion  on  ignition,  premixed  flame 
propagation  and  turbulent  flame  characteristics. 

Comparison  between  these  two  models  on  the  two- 
dimensional  configuration  is  very  delicate.  The  interaction 
between  the  flame  and  the  turbulence  is  extremely  com¬ 
plex  and  is  certainly  not  taken  into  account  in  the  classical 
k  —  t  model  used  in  this  study. 


2The  flame  propagation  in  the  second  part  of  the  combustion 
chamber  can  hardly  be  simulated  due  to  the  turbulence  gener¬ 
ating  perforated  grid  (Floch  1990)  which  cannot  be  described 
by  the  modelling. 
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ABSTRACT 

The  effects  of  unstable  thermal  stratification  and  mean 
shear  on  chemical  reaction  and  turbulent  mixing  were  ex¬ 
perimentally  investigated  in  a  liquid  mixing  layer  down¬ 
stream  of  turbulence-generating  grids  with  and  without  a 
rapid  chemical  reaction.  The  results  show  that  the  tur¬ 
bulent  mixing  is  enhanced  at  both  large-  and  small-scales 
by  buoyancy  in  unstably-stratified  conditions  and  that  the 
chemical  reaction  is  intensively  promoted.  The  mean  shear 
also  acts  to  enhance  the  turbulent  mixing  mainly  at  large- 
scales  but  the  chemical  reaction  rate  is  not  so  large  com¬ 
pared  to  in  the  unstably-stratified  case.  The  unstable  strat¬ 
ification  without  mean  shear  is  proposed  as  a  good  tech¬ 
nology  to  attain  mild  mixing. 

INTRODUCTION 

When  two  reactants  are  introduced  into  a  turbulent  flow, 
turbulent  mixing  plays  an  important  role  on  the  progress  of 
the  chemical  reaction  until  two  species  are  perfectly  mixed 
up  to  the  minimum  scale  of  turbulence.  The  effect  of  tur¬ 
bulent  mixing  on  the  mean  reaction  rate  is  very  significant 
for  higher-order  reactions,  which  often  appear  in  industrial 
reactors  or  in  environmental  flows.  The  mean  fluid  shear 
is  used  in  general  to  promote  the  turbulent  mixing  and 
chemical  reaction.  However,  it  is  often  required  to  promote 
the  turbulent  mixing  and  chemical  reaction  in  very  weakly 
sheared  conditions.  For  example,  some  of  biochemical- 
reactors  or  polymerization-reactors  need  to  mildly  mix  the 
fluids  without  damaging  cells  or  polymers.  It  is,  therefore, 
of  practical  importance  to  develop  an  unsheared  mixing 
technology.  . ° 

The  purpose  of  this  short  paper  is  to  propose  a  method 
based  on  the  utilization  of  unstable  stratification  which 
can  promote  the  chemical  reaction  and  turbulent  mixing 
under  unsheared  conditions.  The  effects  of  both  unsta¬ 
ble  thermal-stratification  and  mean  shear  on  the  chemical 
reaction  and  turbulent  mixing  are  experimentally  investi¬ 
gated  in  a  liquid  mixing-layer  downstream  of  turbulence- 
generating  grids,  and  both  the  effects  are  compared. 


EXPERIMENTS 

Experiments  were  carried  out  in  three  flows;  an  un¬ 
sheared  neutrally-stratified  flow,  an  unsheared  unstably- 
stratified  flow  and  a  sheared  neutrally-stratified  flow.  A 
rapid  chemical  reaction  between  an  acid  and  a  base  was 
used  (Komori  et  a 1.  1993).  The  unstably-stratified  flow 
and  sheared  flow  were  obtained  by  changing  the  initial 
temperature  or  velocity  between  upper  and  lower  layers 
as  shown  in  Figure  1.  The  initial  temperature  and  velocity 
differences  were  set  to  get  the  almost  same  values  of  the 
turbulent  kinetic  energy  in  both  developed  flows  behind 
the  grids.  The  initial  temperature  difference  was  10K  for 
an  unstably-stratified  flow  and  the  velocity  difference  was 
3cm/s  for  a  sheared  flow.  The  cross-sectional  mean  velocity 
was  set  to  the  same  value  of  12.5cm/s  in  both  sheared  and 
unsheared  flows  and  the  Reynolds  number  based  on  the 
mesh  size  of  a  turbulence-generating  grid  and  the  cross- 
sectional  mean  velocity  was  2500.  Instantaneous  velocity 
and  concentration  were  simultaneously  measured  using  a 
two-component  laser  Doppler  velocimeter  and  a  laser  in¬ 
duced  fluorescence  technique  (Komori  and  Nagata  1996) 
The  turbulence  quantities  such  as  the  intensities  and  power 
spectra  of  velocity  fluctuations,  the  turbulent  mass  fluxes 
and  the  Reynolds  stress  were  measured.  Furthermore  the 
total  amount  of  the  reaction  product  was  estimated  from 
the  vertical  (transverse)  profiles  of  mean  concentration  of 
chemical  product. 


RESULTS  AND  DISCUSSION 

Figures  2a,  b  and  c  show  the  vertical  (transverse) 
profiles  of  the  mean  concentrations,  Ca  and  Cp ,  of 
chemical  species  A  and  chemical  product  P  in  un¬ 
sheared  neutrally-stratified,  unsheared  unstably-stratified 
and  sheared  neutrally-stratified  flows.  When  the  mean  con¬ 
centrations  of  chemical  species  A  are  compared  between 
reacting  and  non-reacting  cases,  the  progress  of  chemical 
reaction  can  clearly  be  noticed.  When  the  mean  concentra¬ 
tion  of  the  product  Cp  is  integrated  in  the  vertical  direc¬ 
tion,  it  is  found  that  the  chemical  reaction  is  surprisingly 
promoted  by  unstable  stratification  compared  to  the  ef¬ 
fect  of  the  mean  shear.  The  ratio  of  the  integrated  value 
of  CP  in  the  unsheared  unstably-stratified  flow  to  that  in 
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Figure  1:  Experimental  apparatus. 
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Figure  2:  Vertical  distributions  of  mean  concentrations  of  chemical  species  A  and  product  P:  (a)  in  an  unsheared  neutrally- 
stratified  flow,  (b)  in  an  unsheared  unstably-stratified  flow,  (c)  in  a  sheared  neutrally-stratified  flow. 
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Figure  3:  Power  spectra  of  the  vertical  velocity  fluctuation. 


the  sheared  neutrally-stratified  flow  reaches  1.55.  The  in¬ 
tense  promotion  of  chemical  reaction  in  unstably-stratified 
conditions  can  be  understood  with  turbulent  mixing  by 
buoyancy. 

Figure  3  shows  the  power  spectra  of  the  vertical  veloc¬ 
ity  fluctuation  v  in  the  three  flows.  The  turbulent  mixing 
is  enhanced  at  both  large-  and  small-scales  by  buoyancy 
under  unstably-stratified  conditions.  Whereas  the  mean 
shear  acts  to  enhance  the  turbulent  mixing  mainly  at  large- 
scales.  The  difference  in  turbulent  mixing  at  small-scales 
results  in  the  intense  promotion  of  chemical  reaction  in  the 
unstably-stratified  flow. 

Figure  4  shows  the  vertical  profiles  of  the  Reynolds 
stress  in  the  correlation  coefficient  form  for  both  unsheared 
unstably-stratified  and  sheared  neutrally-stratified  flows. 
The  Reynolds  stress  in  the  unstably-stratified  flow  is  cer¬ 
tainly  close  to  zero  compared  to  large  values  in  the  sheared 
neutrally-stratified  flow.  The  result  suggests  that  the  un¬ 
stable  stratification  is  a  good  tool  to  attain  the  promotion 
of  chemical  reaction  and  turbulent  mixing  under  unsheared 
conditions,  since  the  shearing  stress  acting  on  the  fluid  is 
much  weaker  in  an  unsheared  unstably-stratified  flow  than 
in  a  sheared  neutrally-stratified  flow.  The  mild  buoyancy¬ 
mixing  technology  may  be  useful  for  designing  biochemical- 
and  polymerization-reactors. 

CONCLUSIONS 

The  effects  of  unstable  thermal  stratification  and  mean 
shear  on  chemical  reaction  and  turbulent  mixing  were  ex¬ 
perimentally  investigated  in  a  liquid  mixing  layer  with  and 
without  a  rapid  chemical  reaction.  The  main  results  from 
this  study  can  be  summarized  as  follows: 

(1)  The  chemical  reaction  is  intensively  promoted  by  buoy¬ 
ancy  in  unstably  stratified  conditions,  since  the  turbulent 
mixing  is  enhanced  at  both  large-  and  small-scales  by  buoy¬ 
ancy. 

(2)  When  the  turbulence  kinetic  energy  is  set  to  the  same 
value  in  both  unsheared  unstably-stratified  and  sheared 
neutrally-stratified  flows,  the  chemical  reaction  rate  be- 


-Ruv 


Figure  4:  Vertical  distributions  of  the  Reynolds  stress  in 
unsheared  unstably-stratified  and  sheared  neutrally-stratified 
flows:  •,  in  an  unsheared  unstably-stratified  flow;  O,  in  a 
sheared  neutrally-stratified  flow. 


comes  larger  in  unstably-stratified  conditions  than  in 
sheared  neutrally-stratified  conditions.  The  difference  is 
attributed  to  that  the  mean  shear  acts  to  enhance  the  tur¬ 
bulent  mixing  mainly  at  large-scales  and  that  the  mixing 
at  small-scales  is  weaker  than  in  unstably-stratified  condi¬ 
tions. 

(3)  The  unstable  stratification  may  be  useful  for  practical 
application  to  a  mild  mixing  technology  without  shear. 
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ABSTRACT 

A  detailed  experimental  examination  of  the  turbulent  kinetic 
energy  budgets  in  a  fully  pulsed  air  jet  exhausting  into  still  air 
is  made.  Through  the  pulse  hot-wire  anemometer 
measurements  were  used  to  obtain  estimates  of  all  measurable 
terms  in  the  energy  budget  of  the  intrinsic  or  phase  averaged 
turbulent  kinetic  energy.  These  estimates  are  compared  with 
those  produced  by  the  standard  and  a  modified  k-e  model  of 
turbulence.  While  the  modified  model  reproduces  bulk 
features  of  the  velocity  field,  neither  the  standard  model  nor 
the  modified  model  reproduces  the  budgets  through  the  pulse 
correctly  due  to  the  existence  of  negative  production  of 
turbulent  kinetic  energy. 

INTRODUCTION 

Measurements  in  fully  pulsed  round  air  jets  by  Bremhorst  and 
Harch  (1979)  and  Bremhorst  and  Hollis  (1990)  showed 
significant  increases  in  entrainment  over  steady  jets  of  the 
same  mass  flow  rate.  Reynolds  shear  stress  measurements 
indicated  an  increase  for  the  pulsed  case  but  when  normalised 
on  jet  momentum,  the  two  were  similar.  In  the  present 
context,  fully  pulsed  means  that  the  mass  flow  varies  from  no 
flow  to  maximum  flow  during  the  pulsing  cycle. 

Graham  and  Bremhorst  (1993)  showed  that  the  standard  k-s 
model  even  with  round  jet  modifications,  could  not  predict 
correctly  the  decay  of  centre  line  velocity.  For  a  fully  pulsed 
jet,  the  latter  has  a  characteristic  change  in  slope  when  the 
inverse  of  centre  line  velocity  is  plotted  against  downstream 
distance  while  the  steady  jet  has  a  near  constant  slope  after  the 
jet  exit  region.  Modification  of  at  a  downstream  point  in 
the  jet  where  it  changes  from  pulse  domination  to  steady 
behaviour,  was  necessary  and  was  the  only  constant  the 
adjustment  of  which  gave  correct  predictions. 

This  leads  to  the  conclusion  that  dissipation  behaviour  is 
likely  to  be  modelled  incorrectly  by  the  standard  model  and 
provided  the  motivation  for  a  more  detailed  investigation  of 


Reynolds  stress  distributions  and  energy  budgets  through  the 
pulse.  The  region  of  greatest  interest  is  that  leading  from  pulse 
domination  to  steady  jet  behaviour  and  it  is  in  this  region  that 
the  measurements  to  be  reported  were  taken. 


DEFINITIONS  AND  BASIC  EQUATIONS 

Fig.  1  defines  the  flow  velocities  for  the  axial  component.  The 
instantaneous  velocity,  U,  at  time  jr  from  the  start  of  the  pulse, 
consists  of  a  time  mean  velocity,  U ,  a  periodic  component, 

Up,t  and  a  stochastic  component  termed  the  intrinsic 
turbulence,  u  i ,  t .  The  sum  of  the  intrinsic  and  periodic 
components  of  velocity  is  the  aggregate  turbulence  velocity, 
uv.  Eqs  l(a)-(c)  define  these  interrelationships.  The  period  of 
the  pulse  is  tp. 


UT  -  U  +  Up  T  +  Uj  T 

(la) 

=  Up,T+ulT 

(lb) 

=  U+ua>T 

(lc) 

The  turbulent  kinetic  energy  budget  for  a  steady  jet  case  is 
given  in  Panchapakesan  and  Lumley  (1993).  The  pulsed  jet 
form  for  incompressible,  axisymmetric,  non-swirling  flow  is 
shown  in  Appendix  A  and  differs  from  the  steady  case  through 
the  additional  time  dependent  terms.  In  the  limit  for  no 
pulsing,  phase  averaging  represented  by  <  >  replaces  time 
averaging  with  all  pulsed  components  vanishing. 

JET  FACILITY  AND  INSTRUMENTATION 

The  jet  investigated  was  produced  by  a  pair  of  geared  rotating 
rollers  as  shown  in  Fig.  2.  This  is  the  same  facility  that  was 
used  in  the  earlier  work  reported  by  Bremhorst  and  Harch 
(1979)  and  Bremhorst  and  Hollis  (1990)  with  the  exception 
that  the  exit  diameter  was  halved  and  a  smoothing  section  with 
rounded  contraction  was  fitted  to  achieve  this  reduction,  details 
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of  which  are  not  included  in  Fig.2.  The  jet  exit  diameter  was 
12.77  mm  and  the  bulk  mean  jet  exit  velocity  was  kept  at  36.6 
m/s.  Flow  was  pulsed  at  10  Hz  with  a  1:2  ratio  of  time  on  to 
time  off. 

Disa  55M01  main  unit  with  55M1 1  constant  temperature  hot¬ 
wire  anemometer  adaptors  were  used  to  measure  the  various 
velocity  components.  X-wire  configurations  were  used  for  v 
and  w  measurements  while  two  single  wires  spatially  separated 
but  with  the  wires  parallel  and  slightly  offset  to  avoid  thermal 
wake  interference,  were  used  for  spatial  derivatives  of 
longitudinal  velocity  components.  The  Kolmogorov  length 
scale  was  estimated  from  measurements  to  be  of  the  order  of 
0.1  mm.  5pm  Wollaston  wire  was  used  with  active  lengths  of 
0. 5-0.6  mm  in  order  to  give  adequate  spatial  resolution  and  for 
the  X-probe,  wire  separation  was  no  more  than  0.3  mm. 


HOT-WIRE  TECHNIQUES  AND  DATA  ANALYSIS 

Prior  to  measurements  in  the  pulsed  jet,  all  measurement 
techniques  were  tested  in  a  steady  jet  and  results  compared 
with  those  of  Panchapakesan  and  Lumley  (1993)  with  excellent 
agreement  in  most  cases,  Gehrke  (1997).  The  method  of 
Panchapakesan  and  Lumley  (1993)  of  X-array  hot-wire 
calibration  and  data  conversion  by  means  of  transformed 
variables  was  used  but  with  two  important  differences.  The 
first  relates  to  the  cooling  law  used  to  fit  calibration  data  of 
voltage  and  velocity  pairs.  Panchapakesan  and  Lumley  (1993) 
used  a  King’s  law  based  expression.  For  the  larger  velocity 
range  needed  in  the  present  work,  this  led  to  bias  errors  in  the 
higher  order  velocity  products.  These  authors  also  used  a 
curve  of  best  fit  to  relate  transformed  variables  to  actual 
variables.  This  led  to  further  bias  as  seen  in  the  higher 
products  of  velocities. 

In  the  present  work,  the  Siddall  and  Davies  (1972)  quadratic 
equation  for  voltage  as  a  function  of  velocity  was  used  while 
spline  functions  were  used  for  fitting  actual  data  to  transformed 
data.  These  two  measures  removed  the  observed  bias  from 
higher  order  products.  Linear  interpolation  was  used  to 
convert  voltages  which  fell  between  points  in  the  lookup  table 
generated  from  the  calibration  data. 

Data  processing  was  by  conversion  of  analogue  signals  to 
digital  form  with  a  DASH  16F  12  bit  analogue  converter  with  a 
Metrabyte  SSH-4  sample  hold  module  to  remove  phase  shifts 
during  sampling.  Resolution  was  optimised  by  filtering  and 
amplification  of  the  analogue  signal.  Subsequent  data 
reduction  was  by  DOS  and  Unix  based  systems  with  programs 
written  in  the  C  language. 

Pulsed  jet  signals  were  processed  to  yield  mean,  periodic  and 
intrinsic  velocity  components.  A  phase  averaged  form  of  the 
turbulent  energy  budget  was  developed  in  order  to  identify  the 
relevant  terms  in  the  budget,  Eq.  (Al). 

Phase  averaging  (denoted  by  <  >)  with  respect  to  a  timing 
mark  on  the  rollers  yielded  distributions  of  Reynolds  stresses 
and  energy  components  through  the  pulse.  The  intrinsic  shear 
stress,  uvi.t,  was  evaluated  from  Eq.  (2)  where  is  the 
summation  is  over  Nt  values  of  the  signal  at  time  t  from  the 
moment  of  valve  opening.  Other  phase  averaged  quantities 
were  evaluated  similarly. 

uv„  =(uv.)=  z(u„  -Uf.,XvLt  -  Vp,)/N,  (2) 

<vw,2>  was  not  measured  but  set  to  0.5<u2v>  based  on  the 
observation  by  Browne,  Antonia  and  Shah  (1987)  that  for  a 

steady  jet,  vw2  distributions  are  similar  to  those  of  u2v  .  Only 


the  longitudinal  velocity  fluctuation  related  components  of 
dissipation  were  measured  using  temporal  derivatives  or 
spatially  separated  wires  as  appropriate,  Gehrke  (1997).  The 
remaining  mean  squared  terms  of  spatial  derivatives  were 
found  by  the  ratio  method  of  Wygnanski  and  Fiedler  (1969). 
The  cross  products  of  spatial  derivatives  were  found  by  the 
averaging  method  of  Browne,  et  al  (1987). 

Since  periodic  and  intrinsic  velocity  fluctuations  are 
uncorrelated,  Eqs.  (3)  hold. 


u l  -  u2+u? 


V2  =  Vp  +  v2 


2  2  2 
W,  =  w‘ +w, 


(3) 


EXPERIMENTAL  RESULTS 

Decay  of  the  centre  line  mean  velocity,  U0,  is  different  for 
steady  and  fully  pulsed  jets.  For  the  x/d  region  of  interest,  this 
and  the  relevent  half  velocity  radii  are  shown  in  Figs.  3(a)  and 
(b)  where  x  is  the  distance  from  the  jet  exit,  d  is  the  nozzle  exit 
diameter,  Ue  is  the  mean  jet  exit  velocity  and  i\n  is  the  half 
velocity  radius.  Another  noticeable  difference  is  seen  in  the 
intrinsic  turbulence  level  of  the  axial  turbulence  velocity 
levels,  Fig.4,  which  for  the  pulsed  jet  is  significantly  higher 
than  for  a  steady  jet  even  when  the  pulsed  component  has 
become  insignificant  at  x/d  =  75.  The  turbulent  kinetic  energy 
is  given  in  Fig.  5  where  the  intrinsic  component  for  the  pulsed 
jet  is  significantly  above  that  for  a  steady  jet. 

Cross-products  and  triple  products  of  intrinsic  turbulence 
components  are  strongly  dependent  on  the  time  through  the 
pulse,  Fig.6  and  7  thus  giving  large  spatial  and  time 
derivatives  relevant  to  the  turbulent  kinetic  energy  budget. 
Similarly,  root-mean-squares  of  space  derivatives  of  intrinsic 
velocity  fluctuations  required  for  the  kinetic  energy  budget  vary 
strongly  throughout  the  pulse.  Fig.  8. 

Fig.9  typifies  the  intrinsic  turbulent  kinetic  energy  budgets 
obtained  from  the  measurements.  In  the  figure,  kjrans  denotes 
each  transport  component  of  the  budget  and  k0  denotes  the  total 
intrinsic  component  of  turbulent  kinetic  energy.  A  dominant 
feature  of  these  results  is  the  presence  of  the  acceleration  term 
which  is  balanced  to  a  large  degree  by  the  advection  term  with 
the  others  playing  a  smaller  role  to  give  closure  of  the  energy 
equation.  For  modelling  purposes  the  most  interesting  term  is 
production.  Fig.  10,  which  clearly  illustrates  significant  regions 
through  the  pulse  of  negative  production. 

An  examination  of  the  terms  making  up  the  production  of 
turbulence,  Eq.  Al,  shows  that  this  is  attributable  to  the  high 
spatial  gradients  of  the  periodic  velocity  component.  In  a 
steady  jet,  these  components  are  absent  which  is  consistent 
with  the  rapid  decay  of  negative  production  with  increasing  x/d 
as  seen  in  Fig.  10. 


COMPARISON  WITH  COMPUTATIONAL  RESULTS 

The  results  of  Fig.9  can  now  be  compared  with  budgets 
obtained  with  the  standard  k-e  model  and  the  model  of  Graham 
and  Bremhorst  (1993)  with  the  modified  Czc-  The  effect  of  the 
change  in  Cu  is  to  stop  the  excessively  rapid  decay  of  intrinsic 
turbulent  kinetic  energy  with  increasing  downstream  distance. 
This  in  turn  yields  a  change  in  the  decay  of  the  axial  velocity 
and  leads  to  good  agreement  with  experimental  results.  From 
the  computed  through  the  pulse  turbulent  kinetic  energy 
budgets  of  Figs.  11(a)  and  (b),  it  is  seen  that  this  model  falls 
short  in  dealing  with  the  negative  production  of  turbulence. 
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CONCLUSIONS 

Phase  averaged  measurements  in  a  fully  pulsed  jet  highlight 
differences  between  it  and  a  steady  jet  in  important  aspects 
such  as  level  of  intrinsic  or  stochastic  turbulent  stresses 
through  the  pulse,  presence  of  a  large  acceleration  component 
in  the  energy  budget,  and  most  importantly,  a  significant 
negative  production  of  turbulent  energy  for  part  of  the  pulse. 
Modelling  of  the  flow  with  the  standard  and  modified  k-e 
models  fails  to  account  for  this  aspect  even  though  bulk 
features  of  the  flow  are  predicted  correctly  by  the  modified 
model. 

The  conclusion  initially  drawn  from  modelling  based  on  the 
standard  k-e  model  that  the  problem  lies  in  the  dissipation  term 
of  the  dissipation  equation  is  not  substantiated  by  the  above 
work  but  rather  highlights  the  possible  cause  as  being  the 
negative  production  of  turbulence  which  is  modelled 
incorrectly  by  both  models. 
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APPENDIX  A  -  THROUGH  THE  PULSE  OR  PHASE  AVERAGED  TURBULENT  KINETIC  ENERGY  BUDGET 
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FIG.  1  -  PULSED  FLOW  TERMINOLOGY 


FIG.3B  -  STEADY  AND  PULSED  JET  HALF  RADIUS 
GROWTH 


FIG.3A  -  STEADY  AND  PULSED  JET  CENTRELINE 
VELOCITY  DECAY  (INVERSE  OF  VELOCITY 
NORMALIZED  ON  JET  EXIT  VELOCITY) 


FIG. 4  -  VARIATION  OF  AXIAL  TURBULENCE 
VELOCITY  ALONG  JET  CENTRELINE 


FIG.5  VARIATION  OF  TURBULENT  KINETIC  ENERGY 
ALONG  JET  CENTRELINE 


22-4 


Pulse  Time  (sec) 


ffBail 


Standard  Model 
x/d=48.67,  r^O.002  (m) 


H 


Pulse  Time  (sec) 


\'k  tx  T't'iiQ  ;;i;  i 

^  ■ 

iojH 


^Trra  .01 

"k„(S  ) 
-300 


0  0.01  0.02  0.03  0.04  0.05  0.06  0.07  0.06  0.09 

Time  through  pulse  (sec) 

Adv  — •—  Diff  Prod  -b-  Diss  Time  I 


Pulse  Time  (sec) 


Pulse  Time  (sec) 


Q.inX.  U" 
‘Qyfe  © 


FIG.11A- THROUGH  PULSE  MODELLED  KINETIC 
ENERGY  BUDGETS  NEAR  CENTRELINE  AND  X/D  : 
48.7,  STANDARD  k-s  MODEL 


Graham-Bremhorst  Model 
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FIG.10- TURBULENCE  PRODUCTION  THROUGH  THE  loss 
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FIG.11B  -  THROUGH  PULSE  MODELLED  KINETIC 
ENERGY  BUDGETS  NEAR  CENTRELINE  AND  X/D  - 
48.7,  GRAHAM-BREMHORST  (1993)  MODEL 
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ABSTRACT 

Phase  locked  X-probe  hot  wire  measurements  were  made 
in  the  near  field  of  a  forced  plane  jet  at  Reynolds  number 
5600.  They  revealed  leap  frog  pairings  during  which  the 
trailing  eddy’s  convection  velocity  grew  up  to  1.2  times  the 
exit  velocity.  Bi-orthogonal  decomposition  of  the  velocity 
field  yielded  spatial  ( topos )  and  temporal  (chronos  )  eigen¬ 
functions  which  were  compared  to  aforementioned  eddies. 
It  appeared  that  at  least  two  pairs  of  eigenfunctions  were 
required  for  a  satisfactory  reconstruction  and  that,  more 
generally,  orthogonal  decomposition  was  quite  dependent 
on  the  considered  flow  domain.  Further  one-dimensional 
decomposition  showed  the  possibility  of  eddy  detection  in 
a  coherent  structure  eduction  scheme. 

NOMENCLATURE 

H,  Z  Exit  slot  width  and  height 

V  Measurement  domain  at  slot’s  mid  height 

Uo  Jet  exit  velocity 

Re  Reynolds  number  UoH/v 

So  Initial  boundary  layer  thickness 

<5wo  Initial  vorticity  thickness 

B0  Initial  momentum  thickness 

Ui(x,y,t)  Instantaneous  velocity  vector 
U  Temporal  mean  value 

u  Temporal  fluctuation 

u'  Temporal  rms  value 

fo  Initial  instab.  &;  eddy  roll-up  freq. 

S$o  Sthroual  number  fodo/Uo 

V’m  fin  rath  chronos  and  topos 

a„  nth  BOD  eigenvalue 

nth  mode  energy  fraction  a£/ 
h  BOD  entropy  ^  £  e„  In  en 

fip  Phase  relatively  to  forced  flow  period  T 

INTRODUCTION 

After  an  early  introduction  of  Proper  Orthogonal  De¬ 
composition  (POD)  in  atmospheric  turbulence  by  Fukuoka 
(1951)  and  Lorenz  (1956),  Lumley  (1970)  formalized  its 


use  in  turbulence  theory  as  an  objective  means  of  discrim¬ 
inating  between  random  turbulence  and  organized  motion. 
Since  late  80s,  POD  has  known  a  fast  growing  popular¬ 
ity  among  experimental  and  numerical  turbulence  research 
community.  Concerning  turbulent  flow  analysis,  coherent 
structures  (CS)  have  been  tracked  through  POD  eigenfunc¬ 
tions  in  various  turbulent  situations.  Both  experimental 
(Herzog  1986)  and  numerical  (Moin  &  Moser  1989)  wall- 
bounded  flow  data  were  used  to  capture  POD  based  CSs. 
Free  shear  layers  were  also  extensively  studied  by  Bonnet 
et  al.  (1993),  Delville  (1995)  and  Glauser  fc  George  (1987) 
through  hot-wire  measurements.  Other  investigations  by 
Sirovich  and  coworkers  are  to  be  reported  on  jets  (Sirovich 
et  al.  1990)  and  Rayleigh-Benard  convection  (Sirovich  &: 
Park  1990). 

Apart  from  CS  eduction,  more  and  more  effort  has  also 
been  devoted  to  finding  low  dimensional  POD  based  dy¬ 
namical  systems  for  numerical  simulations.  Early  attempts 
relied  on  mixed  Fourier-POD  decompositions  to  cope  with 
homogeneous  directions  and/or  statistical  time  stationar- 
ity.  In  order  to  keep  difficulty  level  low  enough,  only  a 
few  (often  one!)  Fourier  modes  were  considered  along  with 
several  POD  modes.  To  further  avoid  phase  recovery  prob¬ 
lems  for  temporal  Fourier  modes,  focus  was  put  on  space- 
time  separation  yielding  Sirovich’s  (1990)  Snapshot  POD 
and,  in  a  deterministic  frame  of  work,  Aubry  et  al.’s  (1991) 
bi-orthogonal  decomposition  (BOD).  Low-dimensional  dy¬ 
namical  systems  were  so  defined  for  a  turbulent  boundary 
layer  by  Aubry  et  al.  (1987)  and  for  a  turbulent  free  shear 
layer  by  Rajaee  et  al.  (1994)  and  Cordier  (1996). 

One  of  the  major  issues  in  turbulent  research  via  POD 
analysis  is  the  relation  between  eigenfunctions  and  physi¬ 
cal  CSs  as  observed  in  visualizations.  In  this  paper,  we  ad¬ 
dress  this  matter  through  experimental  results  in  a  plane 
jet  at  moderate  Reynolds  number.  To  clarify  the  situation 
in  a  rigourous  deterministic  frame  of  work,  bi-orthogonal 
decomposition  was  performed  in  the  near  field  of  the  jet 
under  acoustical  forcing.  Phase  locked  measurements  per¬ 
mitted  to  compare  the  instantaneous  2D  velocity  and  vor¬ 
ticity  fields  with  those  reconstructed  by  BOD.  The  intri¬ 
cate  phase  relation  between  calculated  eigenfunctions  en¬ 
suring  a  physically  acceptable  image  of  CSs  was  examined. 
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Table  1:  INITIAL  FLOW  CHARACTERISTICS 


Re 

5600 

WME335M 

10 

WHEBBBML 

■HE*! 

murnm 

0.8 

9o/H 

0.028 

ERKZ2MHR 

0.12 

0.2 

W'Wtld 

4.3 

S$  o 

Further  ID  results  are  also  presented  at  fixed  downstream 
stations  to  show  the  reliability  of  BOD  in  eddy  description 
and  detection. 

EXPERIMENTAL  SETUP 

Measurements  were  carried  out  in  a  low-speed  open- 
return  wind  tunnel  facility  (fig.l)  providing  a  clean  plane 
jet  at  a  moderate  Reynolds  number  (Re=5600).  Exit  ve¬ 
locity  had  a  flat  top  profile  with  maximum  fluctuation  rms 
0.008t/o.  Compared  to  Meyer  et  al.’s  (1989)  experimental 
set  up,  the  exit  nozzle  was  stretched  to  produce  thicker 
boundary  layers.  Meanwhile,  6o/H  =  0.0028  was  small 


Blower 


Settling  chamber 
&  multistage  filters 


""  YJ—  Dust  filter 


-Silencer 


70:1  nozzle 


Figure  1:  SCHEMATIC  OF  AIR- JET  FACILITY 

enough  to  produce  varicose  (symmetric)  eddy  roll-up  at 
mean  frequency  5eo=0.0086  in  the  non  excited  "natural” 
jet.  This  instability  frequency  (half  the  theoretical  value 
predicted  by  Michalke  (1965)  for  the  hyperbolic  tangent 
profile)  was  present  in  the  initial  mixing  layers  with  a  very 
low  rms  magnitude  (less  than  O.OOlUo). 

Acoustic  forcing  was  applied  with  a  loudspeaker  placed 
before  the  settling  chamber  (fig.l)  with  non  detectable 
aerodynamic  perturbation  on  the  flow.  The  frequency  fo 
was  chosen  to  meet  S$ o .  The  rms  magnitude  of  the  induced 
fluctuations  at  this  frequency  was  u'/Uo  =  0.35%.  Mean 
profiles  presented  no  alterations:  all  boundary  layer  thick¬ 
nesses  and  global  velocity  fluctuations  remained  the  same 
as  in  the  ’’natural”  case  as  listed  in  table  1.  But,  instanta¬ 
neous  organization  was  severely  altered  exhibiting  periodic 
eddy  roll-up  and  pairing  taking  place  at  fixed  locations  as 
described  by  Faghani  (1996). 

Velocity  data  were  gathered  by  hot  wire  X-probe  using 
a  numerical  scheme  based  on  modified  cosine  law.  The 
over  all  precision  on  velocity  measurements  was  evaluated 
to  be  2%  for  U  and  8%  for  V.  The  hot  wire  probe  was 
positioned  with  high  accuracy  (±0.0517)  on  a  predefined 
grid  V  at  mid  height  stretching  laterally  from  —H  to  H 
and  reaching  as  far  as  5.3 H  longitudinally  to  cover  the 
first  pairing.  The  mesh  size  was  0.2 H  for  X  and  0.1  H  for 
Y.  Data  acquisition  was  triggered  by  loudspeakers ’s  driv¬ 
ing  signal  enabling  a  posteriori  phase  alignment  between 
signals.  Special  care  was  taken  to  minimize  quarter  and 
half  period  incertainties  which  might  arise  from  frequency 
halving  entailed  by  near  field  subharmonic  cascade.  The 
sampling  frequency  f,  =  5000Hz  was  far  above  Nyquist 
limit.  Data  were  acquired  sequentially  at  each  position 
and  processed  to  obtain  phase-aligned  velocity  fields  (snap¬ 
shots)  before  calculating  instantaneous  vorticity  field  and 


two-dimensional  BOD  eigenfunctions.  Velocity  data  base 
so  gathered  was  formed  of  75  temporal  25  X  21  =  525-point 
snapshots. 

FLOW  DESCRIPTION 
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Figure  2:  CONDITIONALLY  MEASURED  VORTICITY 
FIELD  oiz 


To  highlight  eddy  interactions,  vorticity  fields  u>z  were 
calculated  as  shown  on  fig. 2.  <pp  is  the  flow  phase  rela¬ 
tively  to  its  period  T  (during  which  two  pairings  take  place 
at  X  X,  4.3 H).  Detailed  study  of  eddy  kinematics  based 
on  these  figures  helped  to  explain  mean  velocity,  rms  and 
Reynolds  stress  uv  profiles.  A  typical  leap  frog  pairing 
sequence  can  be  followed  on  fig. 2.  The  resulting  vortex  nu¬ 
tation,  as  described  by  Ho  and  Huerre  (1984),  was  accom¬ 
panied  by  uv  cancellation  at  X  «  4.3 H  where  paring  was 
complete.  Convection  velocity  calculations  revealed  that 
the  leading  eddy  travelled  at  a  roughly  constant  velocity 
0.4(7o  while  the  trailing  eddy  speeded  up  continuously  to 
reach  \.2Uo  once  pairing  was  complete  (<?p  =  168°).  This 
eddy  kinematics  information  was  used  as  a  basis  to  be  com¬ 
pared  to  BOD  eigenfunctions  and  reconstructed  velocity 
fields. 


JET  FLOW  TOPOS  AND  CHRONOS 

Aubry  et  al.  (1991)  presented  the  bi-orthogonal  decom¬ 
position  or  BOD  as  a  deterministic  analysis  tool  for  com¬ 
plex  spatio-temporal  signals.  Since  the  excited  jet  almost 
behaved  like  a  deterministic  flow,  this  technique  was  chosen 
to  analyze  the  velocity  field.  A  complete  2D  decomposition 
was  first  performed  before  applying  a  more  restrictive  but 
experimentally  more  accessible  ID  decomposition  at  fixed 
X  positions. 


2D  Decomposition 

Taking  advantage  of  the  comprehensive  velocity 
database  available  from  the  conditional  sampling  described 
above,  a  complete  2D  decomposition  was  performed  in  the 
same  manner  as  Rajaee  et  al.  (1994)  did(though  they  pre¬ 
ferred  to  call  their  decomposition  a  snapshot  POD).  Fol¬ 
lowing  Carrion  (1993),  spatial  and  temporal  kernels  were 
respectively  defined  as: 


T 

Ui(x,y,t)Uj(x',y',t)dt 


Ui(x,  y,  t)Ui(x,  y,  t')dxdy 


(1) 

(2) 


2D  spatial  eigenfunctions  topos  ipi,n(x,y)  and  related 
scalar  temporal  eigenfunctions  chronos  ipn(t)  were  then  re¬ 
spectively  computed  for  these  kernels: 


y>  y')dx'dy'  =  al y) 


(3) 
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(9) 


/  =  alMt)  (4) 

Jo 

so  that  the  velocity  field  could  be  evaluated  at  each  time 
step  by: 

Ui(x,y,t)  =  '^2anipn(t)ifii,n(x,y)  (5) 

71 

Since  the  flow  was  known  to  be  symmetric  about  the  jet 
axis  (see  fig. 2),  calculations  were  only  performed  for  nega¬ 
tive  Y.  Numerical  resolution  of  eq.4  led  to  a  75  x  75  ma¬ 
trix  eigenvalue  problem  yielding  the  chronos.  Topos  were 
then  computed  by  projecting  velocity  fields  on  the  chronos 
rather  than  by  resolving  eq.3  which  would  have  led  to  a 
huge  matrix  eigenvalue  problem  of  order  500  x  500! 

BOD’s  space-time  separation  resulted  in  pairs  of  quasi- 
sinusoidal  eigenfunctions  with  7r/2  time  and  space  lags  as 
shown  in  figure  3.  At  this  cost,  a  correct  mimic  of  eddy 


J  sx(t,t')rn(t')dt'  =  axn2rn(t) 

where  the  longitudinal  coordinate  AT  is  a  parameter  on 
which  kernels,  topos  and  chronos  depend.  Again,  veloc¬ 
ity  vector  could  be  reconstructed  by  summing  up  topos 
and  chronos: 

Ui{x;yj)  =  Ui{x;y)  +  (10) 

n 

Ui(x\ y,  t)  could  be  identified  with  eddies’  signature  as  they 
convected  past  a  fixed  X  position.  From  an  energetic  point 
of  view,  at  each  X  station,  three  eigenfunctions  gathered 
over  90%  of  the  fluctuating  energy.  Calculation  of  BOD- 
based  entropy  h  showed  its  capability  to  outline  character¬ 
istic  vortical  interactions  such  as  eddy  roll-up,  growth  and 
pairing.  Figure  4  shows  that  entropy’s  growth  rate  de- 


<P2  <Ps 


9P  (°)  <Pp  (°) 


Figure  3:  FIRST  2D  TOPOS  &  CHRONOS 

convection  by  spatially  fixed  topos  was  obtained  as  will 
be  shown  later  (see  fig. 6).  Such  spatio-temporal  separa¬ 
tions,  even  from  a  stochastic  point  of  view  as  in  snapshot 
POD,  require  at  least  two  eigenfunctions  and  their  partic¬ 
ular  phase  relation  to  describe  any  physical  eddy  and  its 
convection. 

As  it  can  be  seen  from  eq.l  and  2,  the  decomposition 
was  applied  to  the  full  velocity  field  since,  according  to 
Aubry  et  al.  (1991),  the  time-average  is  not,  a  priori,  an 
eigenfunction  and  should  not  be  subtracted.  In  fact,  results 
showed  that  for  the  U  component,  the  first  topos  almost 
coincided  with  the  time-average  U  and  that  the  temporal 
fluctuations  of  its  corresponding  chronos  were  negligible. 
To  further  investigate  this  point,  BOD  was  also  applied  to 
the  sole  fluctuating  field  and  showed  small  differences  with 
the  former  case.  Meanwhile,  it  was  clear  that  V  was  not 
an  eigenfunction  and  needed  several  topos  to  be  recovered. 

ID  Decomposition 

Though  more  limited  than  the  two-dimensional  decom¬ 
position,  the  one-dimensional  version  is  often  more  acces¬ 
sible  to  experimental  investigation.  Given  that  for  the  2D 
decomposition  no  significant  differences  between  full  veloc¬ 
ity  BOD  and  fluctuating  velocity  BOD  were  detected,  here, 
only  the  fluctuating  velocity  field  was  decomposed.  At  each 
longitudinal  position,  X-dependent  spatial  and  temporal 
kernels  were  evaluated  by: 


lij(y,y')  =  J  Ui(x;y,t)uj(x-,y',t)dt 

(6) 

sx(t,  t')  =  J  Ui(x\ y,  t)uj(x;  y,  t')dy 

(?) 

as  well  as  their  eigenfunctions: 

J  l>](y>y')vj,n(y')dy'  =  <2<„(y) 

(8) 

Figure  4:  ID  BOD  ENTROPY 

creases  at  X  ss  1.9 H  where  eddy  roll-up  puts  an  end  to  the 
initial  instability  amplification  (see  fig.2).  A  local  entropy 
maximum  can  be  seen  at  X  ~  3.6 H  where  competition 
between  eigenmodes  ends  up  with  an  energy  transfer  from 
higher  order  topos  and  chronos  to  the  first  two  ones  yield¬ 
ing  a  global  entropy  decrease1  until  pairing  is  complete  at 
X  ~  4.3 H  (see  also  fig.2).  The  entropy  decrease  could  be 
explained  by  the  simpler  velocity  fluctuation  signature  of 
coalesced  eddies. 
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Figure  5:  ID  TOPOS  AND  CHRONOS 


Examination  of  eigenmodes  showed  high  X-dependence 
for  one-dimensional  topos  while  related  chronos  maintained 
quarter-period  time  lags  and  exhibited  frequency  halving 
with  increasing  X  according  to  the  subharmonic  cascade 
entailed  by  pairing  (fig. 5).  These  special  features  were 
used,  as  will  be  explained  later,  as  eddy  detection  crite¬ 
ria. 


1  Entropy  is  maximum  when  energy  is  equally  distributed  be¬ 
tween  eigenmodes. 


22-9 


EDDY  ANALYSIS  VIA  BOD 
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2D  eddy  reconstruction 
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Figure  6:  MEASURED  vs  2D  BOD  RECONSTRUCTED 
VELOCITY  FIELD  IN  CONVECTED  FRAME  (Uc  = 
O.GUo) 


The  2D  BOD  eigenvalue  spectrum  revealed  that  over 
80%  of  fluctuating  energy  was  contained  in  only  two  pairs 
of  eigenfunctions.  A  more  detailed  study  showed  that  a 
good  description  of  the  eddies  required  both  pairs  of  eigen¬ 
functions.  Any  other  limited  reconstruction  based  only  on 
one  pair  resulted  in  non  physical  eddies.  Therefore,  even  in 
such  a  simple  case,  several  eigenfunctions  and  their  com¬ 
plex  phase  relations  are  required  in  order  to  capture  the 
eddies.  Figure  6  shows  reconstructed  velocity  fields  based 
on  modes  1,  2  and  3  (a);  1,  4  and  5  (6)  and  on  the  first  five 
modes  (c)  which  are  to  be  compared  to  measured  velocity 
(d).  The  most  energetic  topos  and  chronos  were  related 
to  large  scale  features  of  the  flow  (fig. 6(a))  while  the  less 
energetic  fourth  and  fifth  eigenmodes(fig.6(i))  represented 
smaller  scales.  These  results  were  consistent  with  physical 
characteristics  of  the  flow  since  u'  increased  downstream 
while  time  and  space  scales  of  the  jet  increased  through 
pairings.  It  is  obvious  (and  was  indeed  verified)  that  if 
only  the  left  half  of  the  grid  was  decomposed,  energetic 
topos  would  represent  small  topos  along  with  high  fre¬ 
quency  (ss  /o)  chronos  corresponding  to  single  eddies  right 
after  roll-up.  On  the  other  hand,  a  right  half-grid  BOD 
would  produce  bigger  energetic  topos  with  lower  frequency 
chronos  («  /o/2)  reflecting  eddy  pairing.  The  analysis  do¬ 
main  dependance  of  eigenmodes  is  a  logical  result  in  space 
expanding  flows  such  as  moderate  Reynolds  number  shear 
flows  and  could  pose  some  difficulties  in  eigenvector  based 
dynamical  system  simulations.  This  matter  will  be  dis¬ 
cussed  in  the  last  section. 

Eddy  detection 

ID  BOD  decomposition  allowed  eddy  time-space  signa¬ 
ture  reconstruction  at  each  X  station  with  only  one  pair  of 
topos  and  their  related  chronos  (not  presented).  The  fast 
convergence  of  orthogonal  decomposition  was  expected  to 
provide  a  few  and  simple  eddy  detection  criteria.  Figure 
7  shows  how  both  eddies  and  saddle  points  were  detected 
thanks  to  the  first  two  chronos.  Detection  criteria  were  rea¬ 
sonably  simple  and  did  not  rely  on  thresholds  since  only 
zero  crossings  and  local  extrema  were  used.  The  reliabil¬ 
ity  of  BOD  in  eddy  eduction  may  prove  more  interesting  in 
the  non  excited  jet  which  exhibits  intermittency.  There  the 
idea  would  be  to  project  the  instantaneous  time-space  mea¬ 
surements  on  several  pairs  of  spatial  eigenfunctions  which 
are  known  to  correspond  to  special  eddy  events  such  as 
roll-up  or  pairing.  These  could  be  chosen  between  natural 
jet’s  eigenmodes  thanks  to  the  knowledge  acquired  from 
the  excited  jet.  For  instance,  spatial  eigenfunctions  similar 
to  those  of  the  excited  jet  at  X  =  1.9 H  would  finger  out 


Figure  7:  EDDY  DETECTION  WITH  ID  BOD  AT 
X  =  1.9H 


newly  formed  eddies  right  after  roll-up  while  those  rather 
similar  to  excited  jet’s  topos  at  X  =  4.3  H  would  educe 
pairs  of  coalesced  eddies.  Our  results  show  significant  sim¬ 
ilarities  between  excited  topos  and  natural  spatial  eigen¬ 
functions  (though  at  different  abssissae)  suggesting  direct 
use  of  excited  topos  even  in  the  natural  jet. 

DISCUSSION  AND  CONCLUDING  REMARKS 

In  this  attempt  to  understand  the  connection  between 
POD  type  decompositions  and  physical  coherent  motion, 
it  appears  that  several  eigenfunctions  have  to  be  combined 
to  recover  vorticity  based  eddies.  Relevant  modes  were  nat¬ 
urally  chosen  among  the  most  energetic  ones.  Their  blind 
combination,  especially  regardless  of  their  temporal  phase 
relation,  can  end  up  in  non  physical  structures.  In  this 
deterministic  work  frame,  we  simply  recovered  this  infor¬ 
mation  thanks  to  the  chronos.  In  non  periodic  situations 
of  more  interest,  mode  selection  is  again  based  on  energetic 
considerations.  Phase  information  can  be  obtained  either 
via  third  order  moments  as  performed  by  Moin  and  Moser 
(1989)  (a  priori  statistics)  or  by  projecting  the  instanta¬ 
neous  velocity  field  on  eigenfunctions  before  performing  a 
posteriori  conditional  statistics.  This  remark,  along  with 
the  fact  that  eigenmodes  may  show  strong  dependance  on 
the  considered  flow  domain,  should  be  kept  in  mind  when 
any  dynamical  system  is  to  be  based  on  orthogonal  eigen¬ 
functions. 

Another  point  which  deserves  attention  is  the  fact  that 
the  most  energetic  orthogonal  eigenmodes  exhibited  rather 
large  scales  and  low  frequencies.  In  our  case,  this  was  a 
natural  consequence  of  the  jet  flow  as  discussed  above.  On 
the  other  hand,  it  is  often  claimed  that  in  fully  turbulent 
flows,  CSs  are  not  necessarily  very  energetic  though  pos¬ 
sessing  spatial  expansions  comparable  to  flow  dimensions. 
Capturing  not  very  energetic  but  highly  correlated  CSs  by 
POD  remains  an  open  issue  to  be  investigated. 

This  leads  to  another  important  question  which  is  the 
validity  of  our  results  in  non  excited  and  more  turbulent 
shear  flows.  Attempts  to  detect  CSs  in  more  turbulent 
flows  with  ID  BOD  has  indeed  proved  more  difficult  though 
possible  to  implement.  Applied  to  a  highly  turbulent  sep¬ 
arated  flow,  ID  BOD  chronos  did  not  exhibit  features  as 
sharp  as  in  the  present  case.  There,  random  eddy  size  and 
trajectory  did  not  allow  simple  detection  criteria.  Mean¬ 
while,  eddy  detection  was  successfully  applied  to  a  higher 
Reynolds  number  plane  jet  (Re=15000)  as  mentioned  by 
Faghani  (1996).  Besides,  some  Reynolds  number  invari¬ 
ance  for  topos  and  chronos  was  observed  though  some 
rescaling  seemed  necessary. 

As  far  as  flow  control  is  concerned,  eigenmodes  invari¬ 
ance  is  also  of  prime  interest.  The  problem  is  to  know 
whether  eigenmodes  remain  unaltered  under  flow  manipu¬ 
lation.  If  this  is  not  the  case,  during  control  phases  while 
energy  is  fed  to  (or  pumped  from)  the  flow,  eigenmodes 
may  greatly  change.  Any  dynamical  system  used  in  an  ac- 
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tive  control  loop  and  based  on  "natural”  flow  eigenmodes 
would  then  prove  inadequate2 .  Our  plane  jet  results  show, 
however,  some  invariance  between  ’’natural”  and  excited 
topos  and  chronos. 
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ABSTRACT 

Phase-averaged  Particle  Imaging  Velocimetry  (PIV) 
measurements  of  an  axially  and  azimuthally  forced  coflow¬ 
ing.  turbulent  jet  are  used  to  investigate  changes  in  the 
entrainment  and  mixing  of  the  jet.  It  is  shown  that,  for 
a  downstream  distance  less  than  7 D3,  the  time-averaged 
entrainment  of  the  jet  at  Re  =  4700  remains  unchanged 
by  the  forcing.  Visualizations  and  phase-averaged  meas¬ 
urements  of  the  velocity  and  vorticity  fields  of  the  jet  at  a 
Reynolds  number  of  1550  subjected  to  high  amplitude  axial 
forcing  showed  evidence  of  lateral  ejections  similar  to  those 
observed  in  heated  and  low  density  jets.  These  ejections 
appear  to  be  the  result  of  instabilities  in  the  vortex  rings 
developing  from  the  strong  axial  forcing. 

INTRODUCTION 

Axisymmetric  turbulent  jets  have  a  fundamental  flow 
geometry  with  wide  application  to  many  designs.  Under 
certain  conditions,  i.e.  in  heated  and  low-density  turbu¬ 
lent  jets,  lateral  ejections  of  jet  fluid  have  been  observed, 
Monkewitz  et  al.  (1990),  Sreenivasan  et  al.  (1989),  and 
many  others.  These  lateral  ejections  appear  to  contribute 
to  an  increase  in  the  entrainment  and  mixing  of  the  jet. 
Their  appearance  has  been  identified  with  the  jet’s  trans¬ 
ition  from  convective  to  absolute  instability,  Monkewitz  et 
al.  (1990),  however,  to  date,  no  detailed  description  of  the 
mechanisms  responsible  for  their  formation  has  been  fully 
identified.  From  flow  visualization  experiments  and  vor¬ 
tex  dynamics  simulations  of  low  Reynolds  number  forced 
jets,  Lasheras  et  al.  (1991)  have  attributed  the  appearance 
of  these  ejections  to  the  growth  of  the  instabilities  of  the 
large-scale  vortex  rings  forming  in  the  jet.  By  forcing  the 
ring  instability  with  the  use  of  corrugated  nozzles,  Lasheras 
et  al.  showed  that  the  induction  between  the  large-scale 
vortex  rings  and  the  streamwise  vortices  forming  in  the 
braids  may  lead  to  several  modes  of  lateral  ejections.  In 
all  modes  identified  in  their  experiments,  the  laterally  ejec¬ 
ted  jet  fluid  was  found  to  be  the  result  of  the  amplification 
of  the  vortex  ring  instabilities,  which  caused  the  forma¬ 
tion  and  pinching-off  of  vortex  loops  that,  under  their  own 
induction,  were  propelled  sideways.  Furthermore,  their  ex¬ 
periments  showed  that  the  lateral  ejections  occur  only  when 


the  jet  is  strongly  forced  in  the  axial  mode,  a  result  con¬ 
sistent  with  the  unforced  experiments  of  heated  or  variable 
density  jets,  which  formed  lateral  ejections  only  when  the 
jet  was  in  the  absolutely  unstable  (i.e.  self-excited)  mode. 
Experiments  with  heated  and  forced  cold  jets  by  Monkewitz 
et  al.  (1990)  have  led  to  the  proposal  of  another  model  for 
the  side  ejections  which  is  also  based  upon  the  instability  of 
the  primary  vortex  rings.  They  proposed  that  the  primary 
vortex  rings  undergo  a  Widnall  type  of  instability,  and  the 
resulting  waviness  and  tilting  of  the  rings  in  the  streamwise 
direction  causes  the  fluid  from  inside  the  jet  to  be  propelled 
laterally  by  induction.  They  also  observed  similar  lateral 
ejections  in  strongly  forced  cold  jets.  Direct  numerical  sim¬ 
ulations  by  Brancher  et  al.  (1994)  have  also  examined  the 
lateral  ejections.  They  observed  a  local  strengthening  of 
the  braid  vorticity  that  connects  the  periodic  vortex  ring 
structures.  They  proposed  that  this  localized  strengthen¬ 
ing  is  caused  by  the  instability  of  the  primary  vortex  ring, 
causing  the  magnitude  of  the  braid  vorticity  to  become  large 
enough  to  induce  a  velocity  on  the  internal  fluid  of  the  jet, 
propelling  it  laterally  away  from  the  center  of  the  jet.  The 
actual  origin  of  the  fluid  which  is  ejected  laterally  and  the 
mechanism  which  causes  the  lateral  ejections  remain  unre¬ 
solved  despite  the  many  visualizations  of  the  phenomena, 
largely  due  to  the  lack  of  quantitative  information  about 
the  velocity,  and  hence  vorticity,  field  of  the  jet. 

Other  experimental  and  numerical  investigations  have 
provided  evidence  of  lateral  ejections  of  a  similar  nature, 
caused  by  various  forcing  methods  used  to  alter  the  mix¬ 
ing  and  entrainment  of  the  jet.  These  experiments  usually 
focused  on  the  effect  of  the  nozzle’s  geometry,  with  the 
ultimate  goal  of  manipulating  the  vortex  dynamics  such 
that  mixing  is  enhanced.  Examples  of  these  investiga¬ 
tions  include,  but  are  not  limited  to  experiments  with 
tabbed  nozzles:  Bradbury  and  Khadem  (1975),  Zaman  et 
al.  (1994),  lobed  nozzles:  Prestridge  and  Lasheras  (1996), 
Grinstein  et  al.  (1996),  Lasheras  et  al.  (1991),  and  Martin 
and  Meiburg  (1991),  nozzles  with  other  geometric  config¬ 
urations,  such  as  square  and  elliptic  nozzles:  Grinstein  et 
al.  (1995),  and  Ho  and  Gutmark  (1987).  Although  these 
experimental  and  numerical  investigations  have  shed  some 
light  on  the  vortex  dynamics  of  forced  jets,  they  have  not 
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conclusively  identified  the  mechanism  responsible  for  the 
onset  of  side  jets. 

In  order  to  fully  understand  the  mechanisms  responsible 
for  the  formation  of  these  side  jets,  we  are  conducting  a  set 
of  controlled  experiments  where,  for  each  jet  velocity  (i.e. 
Reynolds  number),  we  vary  the  frequency  and  amplitude 
of  the  axial  forcing,  as  well  as  the  azimuthal  wavenum¬ 
ber.  We  would  like  to  reconstruct  the  three-dimensional 
evolution  of  the  vorticity  in  the  jet,  and  for  that  purpose, 
PIV  techniques  are  used.  Instantaneous  planar  velocity 
measurements,  which  are  made  using  PIV,  make  it  pos¬ 
sible  to  calculate  the  vorticity  component  perpendicular  to 
the  imaging  plane.  By  taking  advantage  of  the  periodicity 
resulting  from  the  axial  forcing,  through  the  use  of  phase¬ 
averaging  techniques,  we  can  measure  the  evolution  of  the 
three-dimensional  vortex  dynamics  of  the  jet.  The  vorticity 
field  of  a  large  volume  of  the  jet  flow  can  be  completely 
reconstructed  by  combining  measurements  taken  by  vary¬ 
ing  the  location  of  the  measurement  plane  so  that  enough 
points  are  measured  to  resolve  the  velocity  field.  In  this 
paper,  we  present  preliminary  measurements  of  a  region 
very  close  to  the  nozzle  of  the  jet  (z/ D3  <  7),  and  our  dis¬ 
cussion  will  concentrate  only  on  measurements  taken  along 
an  axial  plane.  This  will  demonstrate  the  feasibility  of  our 
methodology  for  the  purpose  of  measuring  the  evolution  of 
the  vorticity  field  of  the  forced  jet  and  isolating  the  mech¬ 
anism  responsible  for  the  formation  of  side  jets. 

EXPERIMENTAL  SET-UP 
Coflowing  Jet  Facility 

The  experimental  facility  consists  of  a  water  jet  which 
issues  along  the  central  axis  of  a  coflowing  water  channel. 
The  jet  flows  through  a  25  mm  diameter  PVC  pipe  into  the 
water  channel.  The  recirculating  water  channel  provides  a 
low-speed,  laminar  coflow  for  the  jet,  with  variable  velocity 
and  a  test  section  measuring  61cm  wide  by  74  cm  high  by 
175  cm  long.  The  jet  flow  is  supplied  using  a  constant-head 
gravity-fed  supply  tank,  which  prevents  contamination  of 
the  jet  by  the  pumping  mechanism.  In  our  facility,  the  jet 
velocity  can  be  varied  up  to  70  cm/s.  In  the  study  repor¬ 
ted  here,  most  of  the  investigation  took  place  at  one  jet 
velocity,  with  a  centerline  velocity  of  Ucl  =  39  cm/s,  a 
mean  velocity  of  U  =  25.7 cm/s,  and  a  coflow  velocity  of 
l/c  =  7c.mjs.  The  jet  exit  velocity  profiles  are  shown 
in  Figure  1.  It  is  clear  from  the  measured  exit  velocity 
profiles  that  the  conditions  at  the  jet  exit  correspond  to 
fully-developed,  turbulent  pipe  flow.  There  is  little  differ¬ 
ence  between  the  measured  exit  velocity  profiles  of  all  of 
the  nozzles.  In  addition,  another  set  of  restricted  measure¬ 
ments  will  be  made  at  a  lower  jet  velocity  of  U  =  12  cm/s. 
The  purpose  of  this  second  set  of  measurements  is  to  de¬ 
termine  the  effects  of  a  lower  convection  velocity  on  the  de¬ 
velopment  of  instabilites  in  the  primary  vortex  structures, 
thus  allowing  the  study  of  the  various  instabilities  in  a  re¬ 
stricted  observation  window. 

For  the  first  set  of  measurements,  at  the  higher  mean  ve¬ 
locity,  the  momentum  thickness  of  the  round  jet  is  0.25  cm, 
with  Reg  =  — — 6  «  400.  The  diameter  of  the  round 
jet  is  30  mm,  and  the  resulting  Reynolds  number,  Re  = 

— — ~ 1  Dj  ,  is  approximately  4700.  For  the  second  set  of 
measurements,  the  Reynolds  number  is  1550. 

Axial  and  Azimuthal  Forcing 

The  jet  is  forced  using  both  static  and  dynamic  perturb¬ 
ations.  The  static  perturbation  is  in  the  form  of  corrugated 
nozzles  with  amplitudes  of  the  corrugations  equal  to  0.1  D3. 
Since  this  perturbation  is  of  the  same  order  of  magnitude 
as  the  momentum  thickness  of  the  jet,  it  can  be  considered 
a  large-amplitude  perturbation.  The  number  and  types  of 


Figure  1:  Exit  velocity  profiles  of  axially  unforced  jets. 


azimuthal  forcing  are  defined  by  the  number  of  lobes  or 
peaks  in  the  azimuthal  direction.  The  round  nozzle  is  re¬ 
ferred  to  as  N  —  0,  while  the  wavenumber,  N,  (number  of 
corrugations)  is  varied  from  4  to  8.  The  dynamic  perturb¬ 
ation  is  achieved  by  applying  axial  forcing  to  the  jet  flow 
far  upstream  of  the  exit  using  a  plunger  mechanism.  The 
result  is  a  sinusoidal,  axisymmetric  forcing  of  the  axial  ve¬ 
locity  at  the  nozzle  exit.  The  frequency  of  the  axial  forcing 
can  be  varied  using  a  variable-speed  motor  which  actuates 
the  plunger.  In  order  to  isolate  the  various  effects,  only  two 
axial  forcing  frequencies  will  be  examined  here:  3  Hz  and 
5.6  Hz,  corresponding  to  Strouhal  numbers  (St  =  ) 

of  0.5  and  0.95,  respectively,  for  the  Re  =  4700  jet.  The 
amplitude  of  the  axial  perturbation  is  approximately  30% 
of  the  mean  exit  velocity. 

Measurement  Tfic.hniqnp 

Particle  Imaging  Velocimetry  is  used  to  determine  the  ve¬ 
locity  information  at  different  planes  near  the  exit  of  the  jet. 
The  cross-correlation  method  is  implemented,  and  two  sep¬ 
arate  digital  images  are  interrogated  to  determine  the  dis¬ 
tance  travelled  by  each  particle.  The  PIV  facility  consists 
of  two  30  Hz  Nd:YAG  lasers,  the  relative  timing  of  which  is 
controlled  using  a  custom-built  timing  device  synchronized 
by  a  Sony  CCD  camera  (resolution  of  640  x  480 pixels). 
The  lasers  are  aligned  on  a  common  path  using  a  polariz¬ 
ing  beamsplitter  cube,  and  a  light  sheet  of  approximately 
3  mm  thickness  is  projected  through  the  bottom  of  the  test 
section  using  a  cylindrical  lens.  The  flow  is  seeded  with 
Potters  Industries’  silver-coated  hollow  glass  spheres,  with 
a  mean  diameter  of  10  pm.  Instantaneous  images  of  the 
flow  field  are  collected  using  a  Nikon  50  mm  lens  attached 
to  the  CCD  camera.  Image  capture  is  done  digitally  using 
a  Pentium  133  MHz  personal  computer  and  a  Matrox  Met¬ 
eor  frame  grabbing  board.  The  time  separation  of  the  lasers 
can  be  varied  between  0.5  ms  and  66  ms  in  order  to  grab  at 
30  frames  per  second.  Cross-correlation  is  performed  using 
Visiflow  software,  commercially  available  from  AEA  Tech¬ 
nology-  The  correlation  peak  search  is  optimized  using  a 
Gaussian  fit,  and  the  interrogation  box  size  is  64 pixels  on 
each  side  with  a  75%  overlap.  This  interrogation  box  size 
was  used  to  minimize  the  error  associated  with  the  high¬ 
speed  part  of  the  flow.  The  laser  pulse  separation  time 
used  is  5  ms.  Phase-averaging  is  also  performed  by  mark¬ 
ing  a  predetermined  phase  position  on  the  images  using 
an  LED  which  is  synchronized  with  the  motor  driving  the 
axial  forcing. 

By  examining  the  potential  core  region  of  the  jet  in  de¬ 
tail,  we  optimize  the  resolution  of  the  PIV  technique  and 
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are  able  to  see  the  coherent  structures  clearly.  A  zoomed-in 
region  near  the  exit  of  the  jet,  measuring  6.8 cm  x  5.3cm, 
was  used  to  characterize  the  nozzle  exit  flow  with  the  smal¬ 
lest  resolution  possible  at  this  Reynolds  number.  For  an 
interrogation  box  of  64  x  64  pixels,  this  provides  a  spatial 
resolution  of  approximately  6.8  mm,  which  is  small  enough 
to  resolve  the  exit  characteristics. 

A  larger  region  of  the  flow  (116  mm  x  88  mm)  was  also 
examined  to  capture  the  vortex  dynamics  downstream  and 
along  the  jet  centerline.  This  region  gives  a  resolution  of 
11  mm  per  64 pixels  and  corresponds  to  approximately  3.5 
jet  diameters  downstream.  The  image  focused  on  the  lower 
half  of  the  jet  in  order  to  optimize  the  resolution,  and  all 
of  the  nozzles  were  positioned  so  that  the  peaks  of  their 
lobes  intersected  the  measurement  plane  at  the  bottom  of 
the  nozzle.  The  time-  and  phase-  averaged  velocity  fields 
that  are  presented  in  Figure  2  are  actually  the  composite 
of  two  images  acquired  separately.  The  first  image  cor¬ 
responds  to  0  <  z/Dj  <  3.5,  while  the  second  image  is 
located  from  3.5  <  z/D,  <  7.  The  images  of  forced  jets 
were  phase-averaged,  while  the  unforced  jets  were  time- 
averaged.  No  instantaneous  data  is  presented.  The  two 
averaged  images  were  patched  together  with  two  columns 
of  overlapping  vectors  removed.  None  of  the  final  images 
were  smoothed,  and  the  result  is  a  field  of  70  X  25  vectors. 
For  clarity,  only  alternate  vectors  are  plotted  in  Figure  2. 

RESULTS 

The  results  presented  here  are  of  a  restricted  set  of  meas¬ 
urements  performed  in  a  two-dimensional  axial  plane  per¬ 
pendicular  to  the  jet  exit  and  intersecting  its  center.  As 
mentioned  in  the  previous  section,  the  spatial  measurement, 
spanning  from  z/D3  =  0  to  z/Dj  =  7,  is  obtained  by 
patching  together  the  measurements  of  two  smaller  planes, 
thereby  increasing  the  downstream  distance  along  which 
we  can  study  the  evolution  of  the  jet  while  preserving  a  de¬ 
sired  spatial  resolution,  sufficient  to  capture  the  phenomena 
of  interest. 

Effect  of  Azimuthal  Perturbation 

Let  us  start  by  presenting  the  effects  of  changing  the 
nozzle  lip  through  the  addition  of  sinusoidal,  azimuthal  per¬ 
turbations  in  the  form  of  lobed  nozzles.  In  Figure  2,  the 
time-averaged  velocity  field  of  the  unforced,  round  jet  is 
pictured,  along  with  the  time-averaged  streamlines,  which 
illustrate  the  lateral  entrainment  of  the  jet.  From  the  meas¬ 
urements  of  the  mean  velocity,  a  quantification  of  the  en¬ 
trainment  of  the  jet  was  made  by  calculating  the  mass  flow 
rate  through  each  jet’s  cross-section.  For  each  downstream 
location,  a  volumetric  flow  rate  (per  unit  width),  Q,  can  be 
defined  as: 

Q(z)=  [  [Uir/R^-U^dir/Rj)  (1) 

Jo 

Therefore,  the  amount  of  fluid  entrainment  at  each  down¬ 
stream  location  can  be  measured,  and  a  comparison  made 
for  all  of  the  cases  studied. 

A  comparison  of  the  entrainment  rates  for  each  of  the 
different  azimuthal  wavenumbers  js  shown  in  Figure  3.  Ob¬ 
serve  that.,  although  the  early  effects  of  the  lobed  nozzles  on 
the  entrainment  can  be  clearly  seen,  there  is  only  a  small 
increase  in  the  entrainment  of  the  jet  in  the  near  field  for  all 
of  the  lobed  nozzles,  as  compared  to  the  round  nozzle.  We 
believe  that  this  is  the  case  primarily  because,  for  the  sake 
of  comparison,  the  nozzles  were  all  positioned  with  their 
outward  lobes  pointing  downward.  At  this  Reynolds  num¬ 
ber  this  result  is  to  be  expected  due  to  the  high  convection 
velocity  of  the  jet.  combined  with  the  fact  that  the  region  we 
were  examining  is  very  close  to  the  nozzle.  Based  on  flow 
visualizations  and  past  experiments  (Lasheras  et  al.,  1991), 


Figure  2:  Time-averaged  streamlines  and  velocity  vectors 
of  unforced  round  jet.  Approximate  nozzle  location  is  pic¬ 
tured  for  clarity.  Dashed  line  is  jet  centerline,  and  only  the 
lower  portion  of  the  jet  is  shown. 


Figure  3:  Volumetric  entrainment  (per  unit  width)  of  the 
time-averaged  unforced  jets. 


we  foresee  that  any  effect  that  may  be  felt  by  the  azimuthal 
perturbation  will  probably  occur  further  downstream. 

These  results  are  consistent  with  previously  published 
entrainment  rates  for  round  jets.  The  variation  of  mass 
flow  rate  with  downstream  location  was  measured  by  Crow 
and  Champagne  (1971)  for  round  jets.  They  found  that, 

dQ  _  /  0.136 Qe/D  (z/D  <  2)  ,0v 

dz  ~  l  0.292 Qe/D  ( z/D  >  6), 

where  Qe  is  the  mass  flow  rate  at  the  exit  plane,  D  is  the 
diameter  of  the  jet,  and  z  is  downstream  position.  In  Fig¬ 
ure  3,  our  measurements  show  that  the  mass  flow  rate  for 
z/D  <  6  changes  with  2  as  0.11  Qe/D,  while  the  rate  of 
change  is  0.26 Qe/D  for  z/D  >  6.  Both  of  these  measured 
values  are  in  good  agreement  with  the  steady  growth  rates 
measured  by  Crow  and  Champagne.  This  agreement  leads 
us  to  conclude  that,  in  the  first  seven  jet  diameters  down¬ 
stream,  no  noticeable  modification  of  the  jet  entrainment 
results  from  the  azimuthal  perturbation. 

The  initial  instability  of  the  jet  can  also  be  seen  in  the 
small  fluctuations  in  the  jet’s  entrainment  shown  in  Fig¬ 
ure  3,  where  the  natural  frequency  of  the  instability  can 
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Figure  4:  Phase-averaged  streamlines  and  velocity  vectors 
of  axially  forced  round  jet,  St  =  0.5. 


Figure  6:  Volumetric  entrainment  (per  unit  width)  of  the 
phase-averaged  jets,  St  =  0.95. 


Figure  5:  Volumetric  entrainment  (per  unit  width)  of  the 
phase-averaged  jets,  St  =  0.5, 


Figure  7:  Phase-averaged  streamlines  and  velocity  vectors 
of  axially  forced  round  jet,  St  =  0.95. 


be  estimated  at  IS  Hz.  This  result  agrees  well  with  es¬ 
timations  made  using  the  inviscid  instability  analysis  of 
Michalke  and  Hermann  (1982). 

Effects  of  Axial  Forcing 
When  periodic  axial  forcing  is  added  to  the  jet,  its  en¬ 
trainment.  exhibits  a  strong  amplitude  fluctuation  with  the 
downstream  distance.  The  instantaneous  velocity  fields  of 
the  forced  jets  have  been  phase-averaged  at  a  particular 
phase  angle,  <j>,  where  (f>  —  0  (when  the  amplitude  of  the  for¬ 
cing  at  the  jet  exit  is  at  a  maximum).  The  phase-averaged 
velocity  field  is  shown  in  Figure  4  for  St  =  0.5,  and  for  clar¬ 
ity,  only  alternate  vectors  are  plotted.  The  periodicity  of 
the  forcing  causes  a  local  increase  in  the  entrainment,  which 
is  indicated  by  the  waviness  in  the  mean  streamlines.  The 
effect  of  the  axial  forcing  frequency  on  entrainment  is  illus¬ 
trated  in  Figures  5  and  6.  At  the  lower  Strouhal  number, 
Figure  5,  the  mass  flow  appears  to  be  greater  for  the  lobed 
nozzles  in  the  region  z/D3  <3.  As  we  move  downstream, 
the  differences  between  the  various  lobed  nozzles  are  not 
as  strong,  and  they  ail  have  only  a  slightly  increased  mass 
flow  over  the  round  nozzle  at  this  forcing  frequency.  At  the 
higher  Strouhal  number  (St  =  0.95),  Figure  6,  the  lobed 
nozzles  again  appear  to  have  an  increased  mass  flow  rate 


over  the  round  nozzle.  However,  this  discrepancy  disap¬ 
pears  after  z/ Dj  >  4.  This  could  be  caused  by  the  break¬ 
down  of  flow  periodicity  as  can  be  seen  from  the  streamlines 
of  Figure  7.  From  the  region  of  the  flow  examined,  it  is  un¬ 
clear  what  trends  the  jet  entrainment  will  exhibit  further 
downstream. 

The  changes  in  entrainment  exhibited  by  the  jet  are  per¬ 
haps  most  easily  understood  by  examining  the  evolution 
of  the  vorticity  field  of  the  phase-averaged  velocity  field. 
Neglecting  three-dimensional  effects,  we  can  calculate  the 
vorticity  of  the  flow.  The  vorticity  was  evaluated  by  com¬ 
puting  the  circulation  around  a  closed  contour  surrounding 
each  vector,  where 

r  =  J  U  dl.  (3) 

By  applying  Stokes’  theorem,  we  can  relate  the  circulation 
per  unit  area  to  uiz, 

r 

Kjz=limA->  o  — .  (4) 

The  closed  contour  is  defined  by  the  eight  points  surround¬ 
ing  the  vector  where  ujz  is  defined. 
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The  averaged  vorticity  fields  for  the  round  jet  are  shown 
in  Figure  8  for  the  unforced  case  as  well  as  for  the  two  differ¬ 
ent  forcing  frequencies.  These  images  are  phase-averaged, 
thereby  capturing  the  vortex  structures  at  several  locations. 
Positive  vorticity  is  indicated  by  the  solid  fine,  while  negat¬ 
ive  vorticity  is  shown  by  the  dotted  line.  The  jet  centerline 
is  shown  by  a  dashed  line  for  clarity,  along  with  the  location 
of  the  nozzle,  shown  as  a  rectangle  at  the  left  of  the  plot. 
In  the  unforced  case,  the  development  and  spreading  of  the 
jet  is  clearly  visible.  In  the  second  case,  where  St  =  0.5, 
the  concentrated  vortex  ring  structures  show  the  coherency 
of  the  flow.  The  location  of  the  vortex  rings  corresponds  to 
the  waviness  in  the  streamlines  observed  in  Figure  4.  The 
periodic  increase  in  entrainment  pictured  in  Figure  5  is  also 
the  result  of  this  forcing.  At  the  highest  Strouhal  number, 
Figure  8(c),  the  vortex  rings  form  in  the  near  field,  but 
their  coherency  appears  to  break  down  as  they  are  convec- 
ted  downstream.  This  results  in  the  periodic  increase  in  the 
near  field  entrainment,  with  a  leveling  off  after  (z/ D:  >  4), 
as  shown  in  Figure  6. 

The  vorticity  field  for  the  8-lobed  jet  is  pictured  in  Fig¬ 
ure  9.  This  nozzle  was  chosen  because  of  the  increased 
entrainment  observed  with  it  at  St  =  0.5  near  the  nozzle 
exit  ,  as  shown  in  Figure  5.  The  region  of  vorticity  at  the 


FigureS:  Vorticity  distribution  in  round  jet.  (a)  Unforced, 
(b)  St  =  0.5,  (c)  St  =  0.95.  Dashed  line  indicates  jet 
centerline. 

lip  of  the  unforced,  8-lobed  jet  (Figure  9(a))  is  thicker  than 
the  same  region  in  the  round  nozzle  (Figure  8(a)).  This 
effect  is  limited  to  the  near  field,  however,  and  there  seems 
to  be  little  difference  between  the  overall  breakup  of  the 
vortex  structures  downstream  of  the  nozzle. 

Effect  of  the  Amplitude  of  the  Axial  Forcing 

The  above  experiments  have  shown  little  or  no  effect  of 
the  azimuthal  forcing  on  the  entrainment  of  the  jet  in  a 
downstream  distance  less  than  or  equal  to  seven  jet  dia¬ 
meters.  As  mentioned  above,  this  could  be  due  to  the  lim¬ 
ited  time  which  our  restricted  measuring  window  allows  for 


Figure  9:  Vorticity  distribution  in  8-lobed  jet.  (a)  Un¬ 
forced,  (b)  St  =  0.5,  (c)  St  =  0.95.  Dashed  fine  indicates 
jet  centerline. 


the  growth  of  the  various  instabilities.  Thus,  in  order  to  in¬ 
crease  the  observation  time,  the  jet  velocity  was  lowered 
to  U  —  12  cm/s.  The  corresponding  Reynolds  number  of 
the  jet  was  Re  =  1550.  The  only  axial  forcing  frequency 
tested  was  3  Hz,  which  is  the  frequency  that  corresponded 
to  St  =  0.5  previously.  Now,  the  corresponding  Strouhal 
number  is  St  =  1.5  due  to  the  lower  jet  velocity.  The  amp¬ 
litude  of  the  axial  forcing  was  also  increased  to  approx¬ 
imately  60%  of  the  mean  exit  velocity.  At  this  Reynolds 
number,  a  smaller  resolution  could  be  used,  since  lower 
velocities  were  involved.  The  interrogation  box  size  was 
reduced  to  32  x  32 pixels,  and  the  time  separation  of  the 
laser  pulses  was  kept  at  5  ms.  Due  to  the  small  size  of  the 
lateral  ejections,  the  smallest  spatial  resolution  was  used, 
and  the  region  examined  measured  75  mm  x  58  mm,  which 
resulted  in  a  spatial  resolution  of  3.8  mm.  The  images  of 
the  jet’s  central  axis  span  along  0  <  z/ Dj  <  2.5. 

When  the  higher  amplitude  axial  forcing  was  applied  to 
the  jet,  the  vortex  dynamics  of  the  jet  appeared  to  be 
altered  significantly,  as  shown  in  Figure  10,  where  an  in¬ 
stantaneous  image  of  the  particles  in  the  jet  is  shown.  The 
flow  is  from  left  to  right,  and  only  the  lower  half  of  the 
jet  is  shown  in  the  picture,  with  the  centerline  indicated  by 
a  dashed  line.  The  jet  fluid  is  more  densely  seeded  with 
particles  than  the  coflow  in  order  to  aid  in  visualization. 
This  picture  is  tin  instantaneous  image  taken  at  the  same 
phase  (4>  =  0)  as  the  phase-averaged  vorticity  shown  in 
Figure  11.  The  primary  rollup  of  vorticity  is  indicated  by 
the  arrow  labeled  “I”  in  Figure  10.  This  event  is  captured 
in  the  vorticity  field  of  Figure  11  at  z/Dj  =  1,  but  the 
fine  features  of  the  rollup  cannot  be  captured  due  to  the 
resolution  resulting  from  the  phase  averaging.  Another  in¬ 
teresting  feature  shown  in  Figure  10  is  the  ejection  of  jet 
fluid  marked  by  the  arrow  labeled  “11.”  This  event  is  not 
fully  captured  in  the  phase  averaging  either,  possibly  due 
to  jitter  in  the  location  of  the  event.  However,  visualiza- 
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Figure  10:  Instantaneous  image  of  particles  in  forced  jet, 
N  =  4,  St  =  1.5.  Jet  centerline  is  indicated  by  the  dashed 
line. 


Figure  11:  Phase-averaged  vorticity  field  of  jet, IV  =  4, 
St  -  1.5. 


tions  indicate  that  the  event  occurs  regularly  downstream 
of  this  observation  window.  Measurements  further  down¬ 
stream  should  be  able  to  capture  this  event  as  it  grows. 

The  effect  of  the  high  amplitude  forcing  on  the  entrain¬ 
ment  of  the  jet  is  shown  in  Figure  12,  where  small  local¬ 
ized  increases  in  entrainment  are  observed  in  the  regions  of 
the  vortex  rollup.  The  effect  of  the  azimuthal  perturbation 
cannot  be  seen  in  the  small  downstream  region  that  we  are 
examining  here  ( z/Dj  <  2.5). 

CONCLUSION 

The  combined  use  of  planar  PIV  measurements  of  a  tur¬ 
bulent,  coflowing  jet  subjected  to  axial  and  azimuthal  for¬ 
cing  have  shown  that  the  time-averaged  entrainment  of  the 
jet  remains  unchanged  down  to  axial  distances  of  7 D}. 
Lowering  of  the  jet  Reynolds  number  and  increasing  the 
amplitude  of  the  axial  forcing  was  found  to  lead  to  the  ap¬ 
pearance  of  lateral  ejections  similar  to  the  ones  encountered 
in  heated  and  low-density  jets.  The  measurements  as  well 
as  flow  visualizations  appear  to  indicate  that  the  lateral 
ejection  of  jet  fluid  is  the  result  of  the  amplification  of  the 
ring  instability  resulting  in  the  pinching  off  of  vortex  loops. 
Further  studies  are  underway  to  apply  these  techniques  to 
produce  a  phase-averaged  three-dimensional  reconstruction 
of  the  vorticity  field  in  a  region  spanning  15 Dj.  Based  on 
the  preliminary  results  presented  here,  is  is  foreseen  that 
these  measurements  will  reveal  the  necessary  information 
to  study  the  mechanism  of  these  side  ejections. 


Figure  12:  Volumetric  entrainment  of  the  Re  =  1500  jet. 
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ABSTRACT 

The  results  of  experimental  study  of  submerged 
impinging  jet  flow  are  presented  for  the  condition  of  external 
forcing  with  low  amplitudes.  The  regularities  of  flow 
development  are  found  to  be  sufficiently  sensitive  to  the 
Reynolds  number.  At  high  Reynolds  numbers  the  effect  of 
forcing  is  negligible  for  the  mean  and  spectral  characteristics 
of  flow,  though  the  main  harmonic  and  subharmonic 
develop  by  the  resonance  way.  This  fact  is  explained  by 
their  low  intensity  and  greater  influence  of  the  random 
turbulence.  In  the  case  of  moderate  and  low  Reynolds 
numbers,  a  forcing  of  flow  at  frequences  from  the  range  of 
the  greatest  sensitivity  gives  a  strong  effect  on  the  flow 
characteristics:  significant  drag  reduction,  sharp  growth  of 
pulsation’s  level,  enhancement  or  suppression  of  broad  band 
turbulence  depending  on  the  conditions.  An  intrinsic  role  of 
subharmonic  resonance  in  development  of  instabilities  was 
confirmed  for  such  types  of  flow  as  impinging  jet.  The  pure 
subharmonical  excitation  and  joint  excitation  of 
subharmonic  with  the  small  contribution  of  fundamental 
give  a  more  weak  effect  on  the  flow  structure  than  forcing  at 
the  most  probable  frequences  even  with  extremely  low 
amplitudes. 

INTRODUCTION 

The  classical  interpretation  of  the  turbulence  implicates 
the  statistical  description  of  flow  which  is  considered  as 
sufficiently  random  process  and  can  be  adequately  described 
with  dividing  the  flow  characteristics  to  the  average  and 
pulsating  components.  Another  approach  is  based  on  the 
suggestion  that  the  quasi-determined  vortex  structures  are 
the  basic  structural  elements  of  turbulent  shear  layers.  This 
second  assumption  was  repeatedly  confirmed  during  last 
three  decades.  Crow  and  Champagne  (1971)  studied  the 
response  of  a  round  jet  to  the  controlled  axisymmetric 
excitation  and  found  that  the  jet  shear  layer  was  able  to 
maintain  and  amplify  the  organized  structures.  Later, 
Brown  and  Roshko  (1974)  confirmed  that  the  large-scale 
vortex  structures  are  actually  connected  with  the  turbulent 
mixing  layers  at  high  values  of  the  Reynolds  number. 


Moreover,  as  was  shown  in  the  experiments  by  Winant  and 
Browand  (1974),  the  spreading  of  the  mixing  layer  was  due 
primarily  to  pairing  (co-rotation  and  merging)  of  these 
spanwise  vortices. 

The  use  of  periodical  excitation  of  shear  flow  is  one  of 
the  ways  to  study  the  development  of  instabilities  with 
certain  initial  parameters:  frequences,  phases  and  modes. 
Some  of  the  works  are  devoted  to  the  investigation  of 
instability  wave  dynamics  in  the  free  shear  flows  such  as 
mixing  layers  and  jets.  One  of  the  recent  studies  is  the  work 
by  Paschereit  et  al.  (1995)  where  authors  generated  resonant 
subharmonic  interaction  between  the  two  axisymmetric 
traveling  waves  in  the  jet  shear  layer  and  observed  the  strong 
influence  of  the  initial  phase  difference  between  the 
subharmonic  and  fundamental  during  external  excitation  of 
the  flow. 

Contrary  to  free  jet  flows,  the  coherent  structures  in 
confined  mixing  layers  and,  particularly,  attaching  jets  and 
their  role  in  transfer  processes  are  not  adequately  explored. 
Only  a  few  studies  were  conducted  in  order  to  analyze  the 
large-scale  structures  in  impinging  round  jets.  A  structural 
image  of  the  impingement  region  was  statistically  derived  by 
means  of  analysis  of  the  surface-pressure  fluctuations  in  the 
work  by  Kataoka  et  al.  (1985).  Kataoka  et  al.  (1987) 


FIGURE  1.  PHOTOGRAPH  OF  IMPINGING  JET 
FLOW.  Re=1000,  H/d=2 
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FIGURE  2.  DISTRIBUTIONS  OF  MEAN  SKIN 
FRICTION,  ITS  RMS.  PULSATIONS  AND 
INTENSITY  OF  HARMONICS.  Re=25200. 

associated  the  heat  transfer  intensification  near  the 
stagnation  point  with  the  periodical  renewal  of  the  surface 
by  large-scale  vortex  structures  penetrating  into  this  region. 
Ho  and  Nosseir  (1981)  supposed  that  the  decrease  of 
vortices  frequency  occurred  as  a  result  of  the  collective 
interaction  of  large-scale  structures  in  the  near-wall  region 
of  high  speed  impinging  air  jet.  Their  work  is  one  of  few 
where  the  instability  analysis  was  made  for  confined  mixing 
layers.  The  unsteady  separations  of  radial  wall  jet  flow  in  the 
vicinity  of  an  impingement  region  were  observed  by  Didden 
and  Ho  (1985)  and  Ozdemir  and  Whitelaw  (1992).  The  first 
measurements  of  instant  velocity  field  in  the  round 
impinging  jet  were  made  by  Landreth  and  Adrian  (1990) 
with  use  of  PIV  technique  which,  however,  have  not  been 
provided  with  high  spatial  resolution.  The  recent  work  by 
Meola  et  al.  (1995)  shows  the  presence  equidistant  azimutal 
structures  which  appear  in  impinging  nonisotermal  round 
jet. 

This  work  is  devoted  to  the  study  of  development  of 
instabilities  in  the  impinging  round  jet  under  the  periodical 
forcing.  The  main  results  are  obtained  with  the  aid  of 
electrodiffusion  method  for  measuring  velocity  and  wall 
shear  stress. 

DESCRIPTION  OF  EXPERIMENT 

The  experimental  set-up  consisted  of  a  test  section  which 
represented  the  rectangular  channel,  made  of  Plexiglas,  with 
the  dimensions  of  86x162x1600  mm3,  the  system  of  pumps 
and  flow  meters,  a  reservoir,  connecting  tubes  and  apparatus 
for  measurements.  A  well-profiled  round  nozzle  was  inserted 
through  the  side  wall  of  a  channel.  The  submerged  round  jet 
issuing  from  the  nozzle  impinged  normally  on  the  opposite 


FIGURE  3.  COHERENT  AND  BROAD-BAND 
COMPONENTS  OF  SKIN  FRICTION 
PULSATIONS.  Re=25200. 

wall  (measuring  plate)  of  the  channel.  The  skin  friction 
probes  were  placed  at  the  measuring  plate  which  could  be 
shifted  and  this  allowed  for  changing  the  radial  position  of 
each  probe  with  an  accuracy  of  0. 1  mm. 

To  measure  the  wall  shear  stress  and  liquid  velocities  the 
electrodiffusion  method  was  applied.  The  details  of  this 
technique  are  described  in  the  author’s  work  (Alekseenko 
and  Markovich,  1994).  The  electrical  signals  from  the  probes 
passed  to  the  a.d.  transformer  through  the  d.c.  amplifiers.  A 
complete  data  processing  was  accomplished  by  a  personal 
IBM  computer.  The  computer  program  allowed  us  to 
determine  the  mean  values  of  the  velocity  and  skin  friction, 
its  rms.  pulsations,  spectral  density  of  the  velocity  and 
friction  pulsations  and  the  time  of  existence  of  the  flow  with 
the  given  direction.  For  the  spectral  density  estimation  the 
Fast  Fourier  Transform  technique  was  applied.  Each  array 
of  the  experimental  data,  which  was  processed  by  FFT. 
consisted  of  about  100  segments  of  2048  points. 

The  flow  pattern  is  shown  in  Fig.  1  for  the  Reynolds 
number  equal  to  1000.  The  visualization  was  performed  with 
the  aid  of  hydrogen  bubbles  which  were  produced  on  the 
surface  of  platinum  wire  during  water  hydrolysis. 

The  excitation  of  flow  was  provided  by  a  standard 
electrodynamic  vibration  exciter  ESE  20 1  connected  by  the 
instrumentality  of  the  silphone  with  the  plenum  chamber. 
The  sinusoidal  excitant  signals  destinated  from  the  generator 
through  the  power  amplifier  to  the  exciter.  The  initial 
oscillations  of  flow  involved  axisymmetric  mode  («= 0)  and 

their  rms.  value  changed  from  u/U0  -  =  0.0001  to 

0.001  depending  on  the  experimental  conditions.  The  forcing 
frequency,  fj ,  was  characterized  by  the  Strouhal  number, 
Shd  =  / f  -d/U0  .  The  velocity  measurements  near  the 

nozzle  exit  have  showed  that  the  imposed  oscillations  of 
level  mentioned  above  do  not  influence  on  the  initial  flow 
characteristics.  The  degree  of  natural  turbulence  measured 
in  the  vicinity  of  nozzle  was  in  the  range  of 

u'/U0  -  yfu^/lJo  =  0.005  -r  0.008  at  the  nozzle  axis  and  0.05 
*  0.06  at  the  center  of  shear  layer.  The  value  of  momentum 
thickness  0  at  the  nozzle  exit,  obtained  from  the  velocity 
profile  equals  0  a  0. 1  mm. 

During  the  experiments,  three  values  of  Reynolds 
number  were  tested:  Re  =  12700,  25200  and  46200.  Besides, 
the  visualization  experiments  for  lowest  Re  =  1000  were 
fulfilled.  Here  R e  =  U0-d/v,  Uo  is  the  mean  flow  rate 

velocity  at  the  nozzle  exit,  d  is  the  nozzle  diameter  equal  to 
10  mm  and  v  is  the  kinematic  viscosity  of  solution  equal  to 

1.04  10-6  m2/s.  The  distance  H  between  the  edge  of  a 
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nozzle  and  plate  did  not  change  in  the  most  experiments  and 
was  equal  to  20  mm  ( H/d  =  2). 

EXPERIMENTAL  RESULTS 

Intermediate  Reynolds  number.  Re=25200 

In  Fig.2,a,b  the  distributions  of  wall  shear  stress  and  its 
rms.  pulsations  for  the  axisymmetric  jet  impingement  are 
shown.  The  destinations  are  the  following:  symbols  1,2  and 
3,4  are  t  andx'/xm  for  unforced  and  forced  jets 
correspondingly.  Forcing  is  carried  out  at  the  frequency  f/~ 
150  Hz  (Shd  =  0.57)  and  amplitude  u/U0  -0.0002  .  5  - 

intensity  of  pulsations  for  most  probable  frequency  f,„P  in 
unforced  jet;  6,  7  -  intensities  of  main  harmonic  f  and 

subharmonic  f/2  for  the  forced  jet.  Here  t'  =  .  In  the 

absence  of  forcing  such  distributions  are  typical  for  small 
values  of  H  when  the  barrier  is  placed  within  the  length  of 
the  initial  region  of  the  free  axisymmetric  jet.  In  the  vicinity 
of  the  stagnation  point  the  mean  friction  grows  linearly  with 
increase  of  radial  coordinate  r.  With  the  aid  of  double 
electrochemical  probe  it  was  possible  to  measure  the  skin 
friction  values  in  the  close  vicinity  of  stagnation  point  where 
flow  direction  changes  its  sign  in  time.  At  rid  =  0. 75+0. 8  a 
local  maximum  of  wall  shear  stress  is  attained.  The 
behaviour  of  friction  distributions  at  larger  distances  r 
depends  essentially  on  the  jet  Reynolds  number.  At  low  Re 
the  mean  friction  decreases  monotonically  and  the  point  of 
maximum  of  rms.  pulsations  (turbulence  intensity)  is  placed 
more  closely  to  the  stagnation  point  than  for  larger  Re  (see 
Fig.  7).  For  Reynolds  numbers  of  the  same  order  and  higher 
the  second  local  maximum  of  x  appears  at  rid  «  2.  For  Re  > 
4- 1 04  the  distributions  of  mean  friction  become  self-similar 
relative  to  the  Reynolds  number.  In  this  case  the  position  of 
maximum  turbulence  intensity  coincides  practically  with  the 
point  of  the  second  maximum  of  friction. 

Figure  2,c  demonstrates  the  development  of  instability 
waves  along  the  impingement  surface.  The  data  were 
obtained  from  the  measured  spectra  of  wall  shear  stress 
pulsations.  Both  the  intensity  of  harmonic  with  most 
probable  frequency  for  the  unforced  jet  and  the  intensity  of 
main  harmonic  for  the  forced  jet  develop  similar  to  the  rms. 
friction  pulsations.  The  most  probable  (preferable) 
frequency  f„p  corresponds  to  the  maximum  of  power 
spectrum  of  skin  friction  pulsations  in  the  absence  of  forcing 
(Fig.4,c,  line  I  ).  If  the  forcing  frequences  lie  in  a  certain 
range  near  fmp  ( 1 20  <  f  j  <210  Hz,  or  0.45  <Sh</  <0.8  for 

Re  =  25200),  one  can  observe  a  sharp  amplification  of 
pulsations  at  response  frequency  f  (which  is  equal  to  the 
forcing  frequency  fr  =  f;  =  150  Hz,  see  Fig.2)  and  its 
harmonics,  If  ,  3fr ,  etc.  The  growth  of  higher  harmonics 
occurs  similar  to  the  main  one  but  their  intensity  is  lesser 
(see  power  spectrum  in  Fig.4,c).  The  subharmonic,  fr  /2 , 

develops  by  the  other  way.  It  achieves  its  maximum  value  at 
r/d  »  2,  and  this  fact  demonstrates  that  at  this  point  the  first 
vortex  merging  occurs.  At  distance  r/d  «  1  the  intensity  of 
subharmonic  has  a  small  plateau  and  as  is  seen  from  Fig.2,c, 
its  position  coincides  with  the  coordinate  of  main  harmonic’s 
maximum.  With  increasing  radial  distance  from  r/d  «  1  to 
r/d  a  2  the  sharp  growth  of  subharmonic’s  intensity  takes 
place.  According  to  Ho  and  Huerre  (1984),  this  is 
manifestation  of  subharmonic  resonance  phenomena.  One 
of  the  conditions  of  its  existence  is  the  local  equilibrium  of 
the  main  harmonic. 

Also  the  effect  of  the  reduction  of  wall  shear  stress  is 
observed  for  the  considered  frequencies  range.  The  mean 
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FIGURE  4.  POWER  SPECTRA  OF  WALL  SHEAR 
STRESS  PULSATIONS.  Re=25200. 

friction  in  the  region  1.5  <  rid  <3  may  reduce  by  20-30%  in 
comparison  with  the  case  of  an  unforced  jet.  The  second 
maximum  of  friction  disappears  (Fig.  2, a).  A  minor  drop  in 
friction  is  also  observed  at  the  point  of  first  maximum  ( rid  ~ 
0.8). 

Analysis  of  power  spectra  of  turbulent  pulsations 
allows  to  split  the  pulsation’s  energy  onto  the  coherent  and 
broad-band  components.  Figure  3  demonstrates  this 
disjunction  for  the  conditions  coinciding  with  Fig.2.  The 
destinations  are:  1  -  the  percentage  of  coherent  component, 
.  2,3  -  coherent  and  broad-band  energy  correspondingly.  The 
coherent  percentage  achieves  90%  in  the  region  where  the 
large-scale  structures  penetrate  intensively  ( r/d  =  0.5h-  1 .2). 
Outside  this  region  the  coherent  part  of  pulsations  becomes 
lesser. 

An  other  important  effect  which  has  been  observed  in 
the  forced  impinging  jet  at  some  conditions  is  the  broad¬ 
band  turbulence  suppression.  In  Fig.4  the  power  spectra  of 
wall  shear  stress  pulsations  are  presented  for  the  following 
conditions:  Re  =  25200;  (a)-  f;  -  150  Hz  (Shd  =  0.57), 
H /U0  =  0.0002 ,  r/d  =  0.2;  (b)  -  r/d  =  0.5;  (c)  -  r/d  =  1.1;  (d)  - 
r/d  =  2.2;  (e)  -f/=  210  Hz  (Shd  =  0.8),  u/U0  =  0.00015  ,  r/d 
=  1 .0;  (0  -ff=  260  Hz  (Shd  =  1 .0),  d/U0  =  0.0001 ,  r/d  =  1 .0 
Line  I  corresponds  to  the  impinging  jet  without  forcing,  line 
II  -  forced  jet. 

Figure  4  reveals  that  the  reduction  of  wall  shear  stress 
pulsations  energy  takes  place  over  wide  frequency  range  if 
Reynolds  numbers  are  moderate,  the  condition  fr  —  ff  is 
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FIGURE  5.  DISTRIBUTIONS  OF  MEAN  SKIN 
FRICTION,  ITS  RMS.  PULSATIONS  AND  INTENSITY 
OF  HARMONICS.  Re=46200. 


valid  and  radial  distances  are  in  the  range  0.5 < rid <20. 
The  similar  effect  of  turbulence  suppression  in  the  forced 
free  shear  layers  was  obtained  by  Zaman  &  Hussain  (1981), 
however,  that  effect  was  found  for  high  Strouhal  numbers 
Sh</  =  1.2  2.4  and  the  maximum  suppression  occurred  for 

the  value  of  She  =  0.017  which  corresponded  to  the 
prediction  of  the  linear  stability  theory.  These  values  of 
frequences  were  not  tested  in  our  experiments.  However  at 
relatively  high  forcing  frequences,/)  =  180  Hz  and  /)  =  210 
Hz,  on  the  contrary,  the  enhancement  of  turbulence  at  the 
high  frequency  area  of  spectra  was  observed  (see  Fig.  4,e). 
At  larger  frequences  /)  =  260  Hz  (Sh^  =  1.0)  this  effect 
disappears  (Fig.  4,1). 

The  forcing  frequency  /)  =180  Hz  (Sh</  =  0.68)  also 
satisfies  the  conditions  of  subharmonic  resonance  and 
development  of  subharmonic  is  similar  to  shown  in  Fig.2,c. 

The  jet  is  markedly  sensitive  only  to  the  mentioned 
neighbourhood  of  the  most  probable  frequency.  At  the 
boundaries  of  this  range,/)  =  130  Hz  (Sh</  =  0.49)  and/)  = 
210  Hz  (Shrf  =  0.8),  the  amplification  of  main  harmonic 
takes  place  also  but  the  development  of  subharmonic  occurs 
without  resonance  phenomena  and  its  growth  occurs 
monotonically.  At  larger  frequences,  the  structure  of  flow 
does  not  change  significantly  in  comparison  with  the  case  of 
unforced  impinging  jet. 

However,  the  determined  range  of  external  frequences 
which  exert  the  most  pronounced  influence  on  the  impinging 
jet  flow  structure  differs  from  the  literature  data  for  free  jet 
flows.  Thus,  Ho  and  Huerre  (1984)  noted  that  in  most 
known  experiments  the  preferable  frequences  lie  in  the  range 
of  0.25  <  Shrf  <  0.5 . 


FIGURE  6.  POWER  SPECTRA  OF  WALL  SHEAR 
STRESS  PULSATIONS.  Re=46200. 


High  Reynolds  number.  Re=46200 

In  our  previous  work  (Alekseenko  and  Markovich,  1996) 
it  was  noted  that  at  large  Re  (Re>4104)  the  impinging  jet 
flow  become  self-similar  and  conservative  to  the  change  of 
parameters.  It  concerns  the  external  excitation  also.  For  the 
forcing  frequency  coinciding  with  the  most  probable 
frequency  (fmp  —  290h-300  Hz  for  Re  =  46200)  it  is  impossible 
to  observe  the  significant  changes.  The  distributions  of  mean 
skin  friction  remain  almost  the  same  (Fig.5,a)  and  the  level 
of  rms.  friction  pulsations  changes  weakly  (Fig.5,b). 
However,  the  behavior  of  main  harmonic  and  subharmonic 
occurs  similar  to  the  case  described  above  (Re  =  25200) 
including  the  presence  of  subharmonic  resonance  (Fig.5,c). 
The  development  of  these  waves  does  not  influence 
essentially  on  the  flow  structure  and  mean  characteristics 
because  of  their  low  intensity.  In  Fig.  6  the  power  spectra 
are  shown  for  two  values  of  radial  coordinate.  One  can 
conclude  that  the  regular  part  of  flow  pulsations  is  much 
more  weak  in  comparison  with  the  case  of  low  Re.  A 
suppression  of  turbulence  is  also  negligible  and  is  observed 
only  in  the  vicinity  of  forcing  frequency.  The  flow  conditions 
for  Figs  5  and  6  are  the  following:  Re=46200,  H/d=  2, 
Forcing  frequency/)  =  295  Hz  (She  =0.61)  and  amplitude 
u/U0  =  0.0001 .  The  destinations  in  Fig. 5  correspond  to  the 

Fig.  2.  In  Fig.6:  (a)  -  r/d=  1.1,  (b)  -  1.3.  Line  I  corresponds  to 
the  impinging  jet  without  forcing,  line  II  -  forced  jet. 

Low  Reynolds  numbers 

Figure  7  presents  the  dynamics  of  mean  wall  shear  stress, 
its  rms.  pulsations  and  intensity  of  main  harmonics  for  the 
low  Reynolds  number.  The  main  regularities  remain  similar 
to  ones  observed  for  moderate  Reynolds  numbers.  Only 
exception  is  the  fact  that  in  the  absence  of  forcing  at  low  Re 
=  12700  the  second  maximum  of  mean  skin  friction  does  not 
take  place.  However,  during  the  forcing  of  the  jet  at 
frequences  from  the  range  of  sensitivity  (f/~  fmp  =  65  Hz  in 
the  case  of  Fig.7)  we  also  can  observe  the  reduction  of 
friction  over  whole  range  of  radial  distances  up  to  r/d  -  4. 
Total  degree  of  drag  reduction  in  such  resonant  regimes  may 
achieve  30%.  Rms.  pulsations  of  friction  also  sharply  grow 
(Fig.7,  b)  and  their  maximum  shifts  to  the  point  r/d  «  1 
similar  to  the  case  of  intermediate  Reynolds  numbers.  The 
development  of  harmonics  occurs  according  to  the 
regularities  described  for  intermediate  Reynolds  numbers 
(Fig.  7,c).  The  flow  conditions  for  Fig.7  are:  Re  =  12700,/)= 
65  Hz  (Shd  =  0.53)  and  amplitude  u/U0  =  0.0004.  The 
destinations  correspond  to  Figs  2  and  5. 

If  we  will  excite  jet  flow  by  two  frequences 
simultaneously,  at  /)=  65  Hz  -  main  harmonic  and  at  fjl 2  = 
32.5  Hz  -  subharmonic,  the  development  of  flow 
characteristics  will  strongly  depend  on  the  amplitude  ratio, 
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FIGURE  7.  DISTRIBUTIONS  OF  MEAN  SKIN 
FRICTION,  ITS  RMS.  PULSATIONS  AND  INTENSITY 
OF  HARMONICS.  Re=12700. 


FIGURE  8.  COHERENT  AND  BROAD-BAND 
COMPONENTS  OF  SKIN  FRICTION 
PULSATIONS.  Re= 12700. 


y  =  Asull /A ju„  .  At  relatively  small  intensities  of 

subharmonic,  the  result  is  weakly  changed  from  the  pure 
excitation  at  the  frequency  close  to  the  fmp.  The  distributions 
of  main  flow  characteristics  is  close  to  the  case  of  single- 
frequency  excitation. 

If  y  is  sufficiently  large  (y  =  7)  the  development  of 
excited  disturbances  at  f/=  65  Hz  and  ff 2  =  32.5  Hz  occurs 
by  the  same  way  as  for  y  =  2.  However,  the  hard 
suppression  of  the  second  harmonic,  2-  fr ,  is  observed  due 
to  harmonic  3-/1/2,  which  grows  strongly. 

The  interesting  fact  was  obtained  when  the  forcing  of 
flow  was  made  at  the  frequency  which  was  close  to  studied 
subharmonic,  but  at  the  same  time,  multiples  of  which  lie  in 


FIGURE  9.  PHASE  VELOCITY  OF  COHERENT 
STRUCTURES  IN  IMPINGING  JET.  Re=1000 
(a)  -  H/d=2,  (b)  -  3. 

the  range  of  sensitivity  fr  =  2  fj,  fr  =  3  fj .  Such  a  frequency 
was  fj  =  40  Hz  for  Re=  12700,  i.e.  pure  subharmonic 
excitation  was  applied.  In  this  case  both  intensities  of 
response  frequences  (fr  =  Iff  and  fT  =  3 fj)  change  almost 
equivalent,  however,  they  do  not  achieve  very  high  level.  For 
this  reason,  the  changes  in  mean  flow  parameters,  such  as 
mean  skin  friction  and  rms.  friction  pulsations,  are  not 
remarkable  in  comparison  with  the  case  of  unforced  flow. 

The  behaviour  of  coherent  and  broad-band  components 
of  pulsation’s  energy  (Fig.8)  is  similar  to  the  case  of 
intermediate  Reynolds  numbers  (Fig.3).  The  destinations  in 
Fig.  8  are  the  same  that  in  Fig.  3. 

Both  the  suppression  and  enhancement  of  broad  band 
turbulence  were  observed  at  low  Reynolds  numbers  in 
dependence  on  different  conditions:  frequency  and 
amplitude  of  excitation  and  radial  coordinate  r/d.  The 
tendency  keeps  similar  for  most  of  tested  conditions:  in  the 
vicinity  of  stagnation  point  the  changes  in  spectra  are 
negligible,  at  moderate  r/d  (0.5  <  r/d  <  1.5)  the  enhancement 
of  turbulence  occurs  and  the  turbulence  suppression  is 
observed  for  large  values  of  r/d.  Such  a  behaviour  of  flow 
requires  an  explanation  and  further  studying. 

The  dependences  of  phase  velocity  of  vortex  structures  in 
impinging  jet,  obtained  with  the  aid  of  computer  processing 
of  flow  videoimages  are  shown  in  Fig.9.  These  data  are 
presented  for  Reynolds  number  equal  to  1000.  The  .x-axis 
corresponds  here  to  the  distance  along  the  jet  trajectory.  The 
tendency  of  vortices  motion  is  demonstrated  by  the  graphs. 
The  velocity  of  coherent  structures  has  a  local  minimum 
when  they  come  near  the  wall.  At  increasing  x  their  velocity 
grows  up  to  some  level  and  then  decrease  with  the  distance. 
For  comparison  the  dependences  of  structures  velocity  for 
free  jet  are  shown  in  the  plots.  In  this  case  the  decrease  of 
velocity  occurs  monotonically. 

CONCLUSIONS 

The  experimental  investigation  of  impinging  jet  flow  was 
fulfilled  under  the  condition  of  external  forcing  with  low 
amplitudes.  The  regularities  of  flow  development  are  found 
to  be  sufficiently  sensitive  to  the  Reynolds  number. 
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At  high  Reynolds  numbers  the  influence  of  forcing  is 
negligible  for  the  mean  and  spectral  characteristics  of  flow, 
though  the  main  harmonic  and  subharmonic  develop  by  the 
resonance  way.  This  fact  is  explained  by  their  low  intensity 
and  greater  influence  of  random  turbulence. 

At  moderate  and  low  Reynolds  numbers,  the  forcing  of 
flow  at  frequences  within  the  range  of  greatest  sensitivity 
gives  the  strong  effect  on  flow  characteristics:  significant 
drag  reduction,  sharp  growth  of  pulsation’s  level, 
enhancement  or  suppression  of  broad  band  turbulence 
depending  on  the  conditions.  An  intrinsic  role  of 
subharmonic  resonance  in  development  of  instabilities  was 
confirmed  for  such  types  of  flow  as  impinging  jet.  The  pure 
subharmonical  excitation  or  joint  excitation  of  subharmonic 
with  the  small  contribution  of  fundamental  give  a  more 
weak  effect  on  the  flow  structure  than  forcing  at  the  most 
probable  frequency  even  with  extremely  low  amplitudes. 

The  nonmonotonical  changing  of  phase  velocity  of 
coherent  structures  in  the  near-critical-point  region  was 
demonstrated. 
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ABSTRACT 

Numerical  investigation  of  a  turbulent  plane  impinging 
jet  at  Re=6,000  was  conducted  using  a  Large  Eddy  Simulation 
(LES).  Instead  of  Smagorinsky’s  model,  two  eddy  viscosity 
types  of  SGS  models  were  used  which  had  been  derived 
without  assuming  the  balance  of  SGS  energy  production  and 
dissipation  rates.  The  model  coefficients  are  dynamically 
solved  as  proposed  by  Germano  et  al.  To  solve  the 
numerical  instability  induced  by  the  negative  coefficients  in 
the  dynamic  procedure,  we  adopted  Lagrangian  type 
averaging  technique  developed  by  Meneveau  et  al.  The 
simulation  results  were  compared  with  experimental  data 
measured  by  LDV.  Overall  agreements  with  the  experiments 
were  good  in  both  models  even  though  the  model  dependency 
was  observed  in  predicting  turbulent  intensities.  The 
turbulent  energy  transfer  mechanism  of  the  impinging  zone 
was  also  investigated  by  examining  theGS  turbulent  energy 
budget  and  the  normal  Reynolds  stress  budget. 

INTRODUCTION 

The  impinging  jet  is  often  used  in  various  industrial 
applications  such  as  heating,  cooling  or  drying  the 
materials.  In  addition,  its  physics  is  theoretically 
interesting  because  it  contains  many  typical  turbulent 
features  such  as  a  transition,  a  free  shear  layer,  a  wall  shear 
layer,  andastagnation.  The  impinging  jet  consists  of  three 
characteristic  regions:  the  free  jet  region,  the  stagnation 
region,  and  the  wall  jet  region.  In  the  free  jet  region,  a 
transition  from  the  laminarto  the  turbulence  is  observed  with 
large  coherent  structures  of  twin  vortices,  which  break 
down  downstream.  In  the  stagnation  region,  stretching  of 
the  eddies  whose  axis  are  parallel  to  the  streamline  of  wall  jet 
cause  fully  three  dimensional  structures  and  lead  to 
sufficiently  high  increase  in  heat  and  mass  transfer  rates. 


The  most  important  mechanism,  however,  is  the 
redistribution  of  the  turbulent  energy  among  three  normal 
Reynolds  stresses  by  the  pressure  velocity  correlation  in  the 
stagnation  region.  Despite  its  importance,  not  many 
researchers  have  investigated  its  transfer  mechanism  in  the 
stagnation  region  (for  example,  Gutmark  et  al.,  1978). 
It  is  difficult  to  predict  the  statistics  numerically  by  the 
Reynolds  averaged  turbulence  model  due  to  insufficient 
modeling  of  the  wall  reflection  term  in  the  pressure  strain 
correlation  term.  On  the  contrary,  the  LES  is  suitable  to 
solve  this  type  of  a  flow  because  it  simulates  three 
dimensional  eddy  structures  instantaneously  by  modeling 
only  smaller  scale  of  isotropic  eddies.  Thus,  the  objective 
of  our  research  is  to  investigate  the  turbulence  energy 
transfer  mechanism  of  the  plane  impinging  jet  by  using  a 
modified  SGS  model,  which  is  considered  to  be  more 
advantageous  in  simulating  a  complicated  turbulent  flow. 
The  paper  has  examined  the  grid-scale  (GS)  turbulent  energy 
budget  and  the  normal  Reynolds  stress  budget  as  well  as  the 
mean  velocity  and  the  turbulent  intensities.  In  the  study, 
we  use  two  eddy  viscosity  types  of  subgrid-scale  (SGS) 
models  instead  of  Smagorinsky’s  model.  These  model  are 
derived  without  assuming  the  balance  of  SGS  energy 
production  and  dissipation  rates.  The  model  coefficients  are 
dynamically  solved  as  proposed  by  Germano  et  al.  (1991) 
The  dynamic  procedure  tends  to  become  numerically  instable 
due  to  the  negative  eddy  viscosity.  To  solve  this  problem, 
we  have  adopted  Lagrangian  type  averaging  technique 
developed  by  Meneveau  et  al.  (1996).  This  technique  is 
more  appropriate  for  a  complicated  flow  geometry  than  an 
ordinarily  averaging  method  in  which  average  is  taken  over 
the  statistically  homogeneous  directions.  The  LDV 
measurements  conducted  by  the  authors  will  also  briefly 
presented. 
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Main  Flow 


FIGURE  1:  PLANE  IMPINGING  JET 


ANALYSIS  MODEL 

The  plane  impinging  jet  analyzed  in  this  study  is  shown 
in  fig.  1.  The  length  from  the  nozzle  exit  to  the  impinging 
plate  is  given  by  H=10B in  this  study  where#  is  the  nozzle 
width.  We  assume  that  the  velocity  profile  at  the  nozzle 
exit  is  a  top-hat  shape  with  lower  turbulent  intensities 
because  an  inlet  flow  are  assumed  to  come  through  a  confined 
nozzle.  In  this  study,  we  impose  a  5%  side  flow  on  both 
sides  of  a  main  flow  considering  entrainment  of  the  free  jet. 
This  side  flow  also  prevents  the  reverse  flow  at  the  outflow 
boundary.  Hereafter,  the  streamwise  direction  of  the  plane 
jet  is  denoted  as  y  or*,,  that  of  the  wall  jet  is  xorr,  ,  and 
the  span  wise  direction  of  the  plane  jet  is  as  z  or  x}. 


NUMERICAL  METHOD 
Governing  equations 

The  fluid  is  assumed  to  be  incompressible  and  Newtonian 
in  this  study.  The  governing  equations  can  be  obtained  by 
operating  a  spatial  filter  to  the  continuity  equation  and  the 
Navier-Stokes  equations,  which  are  finally  given  as 
follows: 


a* 

ill  .  r  gj,  a  T 

dXj  Pdxt  dxjdxj  dxf  >j 


(1) 

(2) 


The  SGS  stress  term  appearing  in  eq.(2)  is  given  as 

T'i  U,Ui  U'UJ,  which  must  be  modeled.  Hereafter  the 
space  filtered  and  the  ensemble  averaged  velocities  are  given 

as  Ui  and  ^  “<  ^  respectively.  The  difference  between  the 
raw  value  and  the  space  filtered  value  is  given  by  “/and  that 
of  the  ensemble  averaged  case  is  given  by  ", .  Accordingly, 
raw  velocity  are  denoted  as  “<  =  t  “/ 1 +  “/  and  “/  =  ", +  ", . 


SGS  Models 

Smagorinsky’s  eddy  viscosity  model  has  been  the  most 


frequently  used  one  among  SGS  models  in  the  engineering 
problems.  This  model  was  derived  from  the  local 
equilibrium  hypothesis,  which  is  valid  for  excessively  high 
Reynolds  number.  However,  it  is  doubtful  to  apply  this 
model  to  a  low  Reynolds  number  flow.  In  fact,  the  eddy 
viscosity  never  become  zero  unless  the  GS  strain  rate  tensor 
S'i  (u^  Xj  +  Uj/ Xj)  js  zer0  jn  0ther  words,  the 
eddy  viscosity  may  exist  even  when  flow  is  in  a  laminar  state. 
One  of  the  solution  to  this  problem  is  certainly  the  dynamic 
SGS  model  proposed  by  Germano  et  al.  in  1991.  The 
validity  of  the  dynamic  SGS  model  in  the  transition  flow  has 
been  already  presented  in  its  original  paper.  In  this  case, 
model  coefficient  would  be  zero  when  a  flow  field  become 
laminar.  But  it  is  rather  reasonable  to  develop  the  eddy 
viscosity  representation  free  from  the  SGS  equilibrium 
assumption.  In  this  study  we  have  used  the  following  an 
isotropic  and  an  anisotropic  eddy  viscosity  models. 


►isotropic  eddy  viscosity  model 

^j-JS0rU  —  2CA  //(«,-»*)(«,-£,)  i, 
►Anisotropic  eddy  viscosity  model 
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with  the  eddy  viscosity  tensor  vu  given  as 


(3) 


(4) 


(5) 


Here  C is  a  model  coefficient  and  A  is  the  length  scale  of 

the  model  which  is  given  by  ^  ~  A  4s  where  A  is 
the  filter  width  for  the  i  direction.  These  models  can  be 
derived  such  that  SGS  stress  tensor  is  proportional  to  the 
product  of  the  SGS  stress’s  production  rate  and  the  proper 
time  scale.  The  isotropic  model  in  eq.(3)  is  derived  under 
the  assumption  of  the  weak  anisotropy  of  the  SGS  field  (see 
Yoshizawa  et  al.  (1996)),  while  the  anisotropic  model  in 
eqs.(4)  and  (5)  is  derived  withbut  the  weak  anisotropic 
assumption.  It  should  be  noted  that  the  final  representation 
of  the  anisotropic  model  in  eq.(4)  is  in  fact  a  kind  of  the 
Generalized  Normal  Stress(GNS)  model,  which  had  been 
already  proposed  by  Horiuti  in  1993  (see  also  Durbin  (1991)). 
The  validity  of  these  models  coupled  with  dynamic  procedure 
with  the  comparison  with  the  dynamic  Smagorinsky’s  model 
has  been  already  shown  for  simple  turbulent  channel  flow  by 
the  authors  (to  appear).  One  of  the  drawbacks  of  the 
original  dynamic  procedure  is  numerical  instability  induced 
by  the  negative  coefficient.  In  case  of  a  simple  turbulence 
such  as  a  channel  flow,  the  solution  to  this  problem  is  to 
perform  an  averaging  operation  for  statistically 
homogeneous  direction  during  the  derivation  of  the  model 
coefficient(see  Germano  et  al.  (1991)).  Because  of  this 
averaging  operation,  the  dynamic  procedure  cannot  be 
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applied  to  practical  engineering  problems.  To  overcome 
this  problem,  in  this  study  we  adopted  the  Lagrangian 
dynamic  SGS  model  proposed  by  Meneveau  et  al.  in  1996. 
The  Lagrangian  dynamic  model  conducts  averaging  operation 
along  the  particle  trajectories  so  that  no  statistically  steady 
direction  is  required  Thus,  this  model  makes  it  possible 
to  apply  dynamic  procedure  to  the  engineering  flow 
problems  with  complicated  geometry  or  the  drastic  changes 
in  the  mean  velocity  direction.  Furthermore  a  model 
coefficient  can  be  determined  locally  as  a  function  of  time 
and  space. 


EXPERIMENTS 

The  experiments  were  conducted  in  a  closed  watercourse. 
The  inlet  slot  jet  was  coming  out  through  the  confined  nozzle 
with  a  size  of  B-20  mm  and  the  spanwise  length  of  200mm, 
and  was  impinging  orthogonally  onto  the  flat  surface  located 
at  200mm  from  the  nozzle  exit.  Thrbulent  statistics  such  as 
the  mean  velocity  and  the  turbulent  intensities  were  measured 
by  two  channel  LDV  system  on  the  central  x-y  plane  at 
zJB-1.95.  Measured  turbulence  on  the  center  of  the  jet  at  the 
nozzle  exit  was  about  3%  of  the  mean  velocity. 


Discretization  Method 

Governing  equations  in  eqs.(l)  and  (2)  are  discretized 
based  on  the  finite  volume  method  with  the  staggered  grid 
and  Cartesian  velocity  components.  The  2nd  order  finite 
difference  method  is  utilized  to  discretize  the  space 
derivatives  and  no  artificial  viscosity  is  considered  for  the 
convective  term.  Time  integration  is  conducted  based  on 
the  2nd  order  Adams-Bashforth  method  and  all  terms  are 
treated  explicitly  with  a  relatively  small  time  step 
A/=0.0045  normalizedby  the  nozzle  exit  velocity  V0  and  the 
nozzle  width  B.  MAC  method  is  used  to  couple  the  pressure 
field  with  the  velocity.  The  pressure  Poisson  equation  is 
solved  by  ICCG  method. 

Mesh  Configuration  and  Boundary  Condition 

The  size  of  computational  domain  is  SOB  X  1  OB  X  3.9B 
with  300X96X34  nodes  in  the  x,y,z  direction  respectively. 
Consequently  the  analysis  domain  consists  of  979,200  nodes. 
Mesh  configuration  on  the  x-y  plane  used  in  this  study  is 
shown  in  fig.  2.  The  mesh  width  near  the  wall  is 
sufficiently  fine  ( 0.013B )  so  that  no  artificial  or  ad  hoc 
boundary  condition  such  as  the  damping  function  forthe  wall 
is  considered  and  the  velocity  does  not  slip  on  the  wall. 
Reynolds  number  is  set  to  6,000  which  is  normalized  by 
nozzle  width  Band  the  inlet  velocity  V0. 

For  an  inlet  boundary  at  the  nozzle  exit,  the  following 
velocity  profile  is  given 


RESULTS 

Hereafter  the  isotropic  eddy  viscosity  model  given  in 
eq.  (3)  and  the  anisotropic  model  given  in  eqs.  (4)  and(5)  are 
represented  by  DI  (Dynamic  Isotropic)  and  DA  (Dynamic 
Anisotropic)  respectively.  All  figures  are  non- 
dimensionalizedby  the  nozzle  width  Band  the  inlet  velocity 
V0.  The  value  y/B denotes  thenon-dimensionalized  distance 
from  the  impinging  plate. 

Turbulent  Statistics  in  the  free  iet  region 

The  streamwise  mean  velocity  andthe  turbulent  intensity 
profiles  of  the  free  jet  are  shown  in  figs.  3  and  4  respectively. 
Both  DI  and  DA  model  simulate  mean  velocity  very  well  and 
difference  of  the  models  is  very  little.  The  streamwise  mean 
velocity  profile  is  nearly  the  top-hat  shape  at  y/B= 9,  and 
develops  downstream  along  the  jet  center  line.  It  was  found 
that  the  profile,  if  normalizedby  the  centerline  velocity  Vc 
andthe  half  width  b  ofl^,  follows  the  Gaussian  distribution 
of  V/Vc  =  exp  {  -0.693  (x/b  )  }  around  y/B=5  (figure  not 
shown)  This  distribution  was  known  as  the  profile  at  the 
self  preserving  region  of  the  plane  jet  by  the  experiment 
conducted  by  Dracos  et  al.  in  1992.  On  the  other  hand, 
some  differences  between  the  models  are  observed  in  the 
turbulent  intensity  profile.  At  y/B=5  and  y/B=3  two  peaks 
due  to  the  free  shear  layer  can  be  clearly  simulated  by  DA 
model  while  DI  model  predicts  moderate  peaks  at  the  center  of 
the  jet,  which  couldn’t  be  observed  in  the  experiment. 


V.-30V-i*l)  ^ 

where  x  is  the  distance  from  the  center  line  of  the  free  jet  and 


vo  is  a  time  dependent  velocity  perturbation.  Three  values 
of  Strauhal  number  0.34,  0.46  and  0.52  are  given  as  a 
perturbation,  which  is  observed  in  the  experiment  of 
Thomas  et  al.  in  1986  Aconvective  boundary  condition  is 
used  for  the  outflow  velocity  boundary  condition. 


FIGURE  2:  MESH  CONFIGURATION 


Turbulent  Statistics  in  the  wall  iet  region 

The  streamwise  mean  velocity  andthe  turbulent  intensity 
profiles  of  the  wall  jet  are  indicated  in  figs.  5  and  6 
respectively.  At  this  region,  both  models  also  predict  the 
mean  velocity  profiles  very  well.  At  x/B=  2,  the  turbulent 
intensity  of  DA  model  is  underestimated  compared  to  that  of 
the  experimental  data  while  DI  model  correlates  well  with  the 
experiments.  However,  underestimation  by  DA  model 
gradually  becomes  smaller  away  from  the  stagnation  point  to 
the  streamwise  direction,  and  DA  model  comes  to  show 
better  agreement  with  the  experiments  than  DI  model  at 
x/B-T . 

Turbulent  Statistics  in  the  Stagnation  Region 

Fig.  7  indicates  the  turbulent  statistics  of  DI  and  DA 
model  in  the  stagnation  region.  The  mean  velocity  profiles 
for  normal  wall  direction  show  good  agreement  with 
experimental  data  in  both  DI  and  DA  models  in  this  region. 
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Both  models  also  predict  the  turbulent  intensities 
qualitatively  well  but  compared  to  the  DI  model,  DA  model 
underestimates  those  statistics  around  this  region. 

GS  Turbulent  Energy  Budget 

In  the  stagnation  region,  the  mean  velocity  of  the  free 
jet  normal  to  the  impinging  plate  slows  down  abruptly  due  to 
the  plate,  and  changes  the  direction  from  normal  to  the  wall 
to  along  the  wall  and  speeds  up.  Accordingly  among  strain 
rate  tensor,  the  normal  components  such  as  [“/]/-*/  by 
acceleration  and  t  “2 1  ^  *2  by  deceleration  is  important  in 
this  region,  and  it  is  completely  different  from  the  shear 
flows. 

Fig.  9  indicates  the  budget  of  the  GS  turbulent  energy 
(A  -  1/2  {[  u. «/]-[«;][«,]}  )  predicted  by  DI  model  along 
the  center  line  of  the  plane  jet.  The  peak  of  the  production 
term  _  that  is  given  by 

^kk  ([^2  “2  ] ) 9 [  «2 ] /  dx2  can  ke  observed 

around  y/B=0.4,  which  would  be  the  results  of  the  rapid 
deceleration  of  the  mean  flow  along  the  jet  center  line.  But 
due  to  strong  damping  of  the  perturbation  for  the  normal  wall 
direction  as  wall  approaching  then  [“/“/]  having  the 

same  level  as  f  “2  “2  1  just  the  vicinity  of  the  wall,  the 
production  term  is  not  dominant  near  the  wall. 

This  tendency  is  completely  different  from  that  of  the 
round  impinging  jet  observed  by  Nishino  et  al.  in  1995. 
According  to  Nishino’s  experiment,  strong  negative 
production  was  observed  in  the  near  wall  region  where  the 
excess  in  the  radial  turbulent  intensity  was  found.  Instead  of 
the  negative  production,  the  dissipation  and  the  molecular 
diffusion  terms  are  dominant  as  loss  terms  in  the  plane 
impinging  jet. 

It  shouldbe  noted  here  that  diffusion  due  to  the  SGS  stress 
and  dissipation  due  to  the  SGS  stress  are  included  in  the 
turbulent  diffusion  and  the  dissipation  terms  respectively. 
Fig.  10  shows  the  effect  of  the  SGS  model  in  these  terms. 
From  this  figure,  we  have  found  that  the  effect  of  SGS  model 
in  the  turbulent  diffusion  is  trivial  while  SGS  model  is 
dominant  in  the  dissipation  term  except  the  near  wall  region 
where  viscous  dissipation  is  large. 

Normal  Reynolds  Stress  Budget 

As  we  have  pointed  out  at  the  previous  section,  the 
normal  components  of  the  strain  rate  tensor  is  dominant  in 
the  stagnation  region.  In  other  words,  one  can  say  that 
stretch  and  contraction  of  the  fluid  motions  are  dominant  in 
the  impinging  region.  Consequently  redistribution  of  the 
turbulent  energy  among  the  normal  Reynolds  stress  due  to 
the  pressure  strain  term  will  play  an  important  role  in  the 
energy  transfer  mechanism  of  the  turbulence  in  this  region. 

Fig.  1 1  indicates  the  budgets  of  the  normal  Reynolds 
stress  R, , ,  R22  and  R33  for  x„  x2  and  x3  direction  respectively 
along  the  center  line  of  the  plane  jet.  Here 

f  Ui  “a  J ]  '(  ‘a’  is  not  summed  up  ).  These 
budgets  were  estimated  from  the  results  of  DI  model. 

This  figure  implies  that  as  the  free  jet  decelerates,  the 
major  gain  of  the  turbulence  energy  from  the  main  flow  field 


is  obtainedby  the  production  term  of  the  R22  around  y/B- 1.5. 
While  just  near  the  wall,  R22  gains  the  energy  from  the 
pressure  diffusion  term  that  is  balanced  with  the  pressure 
strain  term. 

As  the  figure  indicates,  the  pressure  strain  term  of  the 
R22  redistributes  theenergy  to  the  R, ,  andtheR33  where  these 
terms  work  as  the  gain.  It  is  worth  noting  that 
redistribution  to  R,,  and  R33  is  at  the  ratio  of  one  and  four  in 
this  case.  In  R,,,  redistributed  energy  balances  with  the 
negative  production  term  except  at  the  vicinity  of  the  wall. 
This  negative  production  would  be  causedby  the  acceleration 
of  the  mean  flow  along  the  wall.  That  is,  the  turbulent 
energy  is  consumed  and  is  recurred  to  the  mean  flow  field. 
On  the  other  hand,  redistributed  energy  in  R„  is  mainly 
dissipated  by  molecular  and  SGS  viscosity.  According  to 
these  figures,  it  is  clear  that  the  dissipation  of  the  GS 
turbulent  energy  indicated  in  fig.  6  is  mostly  coming  from 
the  dissipation  of  R33. 

CONCLUSION 

The  GS  turbulence  energy  budget  and  the  normal  Reynolds 
stress  budget  as  well  as  the  mean  velocity  and  the  turbulent 
intensities  were  calculated  by  LES.  The  modified  SGS  model 
was  employed  for  the  complicated  turbulence  with  the 
transition  and  the  stagnation.  Distribution  of  the  mean 
velocity  and  the  turbulent  intensities  were  correlated  well 
with  the  experimental  data  obtained  by  LDV.  The  GS 
turbulence  energy  budget  revealed  that  negative  production 
was  not  dominant  near  the  impinging  plate  in  contrary  with 
the  round  impinging  jet.  From  the  normal  Reynolds  stress 
budget,  transfer  mechanism  of  the  turbulent  energy  was 
presented  such  that  pressure  strain  term  played  an  important 
role  in  redistributing  turbulence  energy  of  R22  to  R1 1  and 
R33  at  the  rate  of  about  1  and  4  in  our  case. 

Finally  it  can  be  said  that  our  LES  with  modified  SGS 
model  predicted  the  properties  of  the  turbulent  impinging  jet 
well  enough  to  estimate  the  transfer  mechanism  of  turbulent 
energy. 
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ABSTRACT 

The  paper  considers  stratification  complex  phenomena.  Two 
new  first-order  turbulence  models  presented  here  are  designed  to 
simulate  stably  stratified  flows.  In  order  to  test  them,  before 
atmospheric  applications,  those  models  are  evaluated  on  flows  of 
rather  simple  configuration  with  «active»  stratification  (constant 
temperature  gradient  and  shear  or  thermal  mixing  layer 
experiment  and  DNS  data)  and  compared  with  second-order 
closure  simulations.  For  weak  stratification,  a  simple  extension  of 
k-E  standard  model,  namely  k-E-Ri  model,  provides  rather  good 
results  with  low  CPU  time  consumption.  For  high  stratification,  a 
five  equation  model  is  proposed  which  simulates  quite  well  the 
stong  interaction  of  dynamic  and  thermal  mecanisms. 


INTRODUCTION 

The  effect  of  stable  stratification  (density  decrease  with  height 
at  faster  rate  than  the  adiabatic  one)  is  of  major  importance  in 
geophysical  flows.  The  density  decrease  (increase  of  potential 
temperature  with  height)  frequently  diminishes  turbulence  which 
becomes  more  anisotropic  and  can  strongly  reduce  effective 
vertical  diffiisivity.  Those  stratification  effects  are  due  to  some 
exchanges  between  turbulent  kinetic  energy  (k)  and  potential 
energy: 


Epot  = 


_§_ef/2 

6b  BQ/dz 


(1) 


by  means  of  the  thermal  vertical  flux  (w’0').  Clearly,  accurate 
prediction  and  control  of  pollution  concentrations  largely  depend 
on  our  understanding  of  turbulence  dynamics  for  these 
conditions. 

Complex  dynamical,  physical  and  chemical  phenomena  and 
their  interactions  occur  in  the  lower  atmosphere.  However, 
limitation  to  first-order  closure  is  imposed  for  computational 
cost  and  applicability  reasons.  Previous  first-order  models  are 


not  able  to  simulate  kinetic/potential  energy  exchanges  and, 
sometimes  great,  diffusion  effects.  Indeed,  usually,  those  models 
use  simple  gradient  modelling  for  the  vertical  heat  flux,  under¬ 
estimate  or  ignore  turbulence  anisotropy  due  to  stratification. 

Then,  two  new  types  of  first-order  closure  adapted  for  stratified 
flows  are  proposed.  The  first  model  is  a  simple  extension  of  the 
standard  k-E  model  introducing  the  turbulence  Richardson 
number  in  order  to  take  into  account  turbulence  anisotropy 
caused  by  weak  stratification  (thermal  turbulent  diffusion  is 
neglected).  The  second  and  third  models  presented  here  solve 
five  equations  (second  first-order  closure  type)  issuing  from 
second-order  closures  (Gibson  and  Launder,  1978  -GL-  and 
Craft  and  Launder,  1991-CL)  for  turbulent  kinetic  energy  (k),  its 

dissipation  rate  (e),  vertical  turbulent  kinetic  energy  (w'2), 

vertical  thermal  flux  (w'0')  and  temperature  variance  (0'2 ). 
These  more  elaborate  models  allow  stronger  stratified  flow 
simulation  than  the  first  model  with  more  realistic  representation 
of  phenomena. 


k-e-Ri  MODEL 


This  first  model,  extention  of  the  standard  k-E  model,  is  based 
on  a  turbulence  anisotropy  parameterization  for  free  shear  part  of 
turbulent  normal  stresses  (-2/3k  in  standard  k-E  model)  in 
terms  of  the  horizontal  turbulence  Richardson  number  Ri  (3). 

In  free  shear  stably  stratified  flows,  evolution  equations  of  the 
vertical  and  horizontal  parts  of  turbulent  kinetic  energy  are: 


du'2/2  u1  1  dp' 

U  — — —  ~  -V- — - —  -  - — I  u',  u’z  I  -  —  u’ — 

Bx  dXj  dxi  dXj  V  1  )  ^  dx 

ti  dw’2/2  g  —  dw’  aw'  a  i  ap' 

dx  0Q  0X;  0X;  ax;  \  )  Po  dx 


(2) 


P2-1 


w’2  is  directly  reduced  by  buoyancy  (if  w’O’cO)  and  u'2  is 
indirectly  modified  by  redistribution  energy  phenomena.  So,  we 
can  identify  in  all  Reynolds  stresses  equations  three 
contributions:  fisrt,  pure  Reynolds  stresses  coupling  (by  means  of 
pressure-strain  terms),  second,  buoyancy  contribution  (direct  for 

<y  , 

w’  ,  indirect  for  others)  and  third,  shear  terms  (not  written  in 

(2)). 

Consequently,  for  the  k-e-Ri  model,  in  order  to  reproduce 

these  three  parts,  w’2  is  separated  in  the  free  shear  part,  w'2  ps  - 
sum  of  purely  turbulent  and  direct  thermal  parts-  and  the  shear 

one.  In  the  same  way,  u'2  denotes  the  free  shear  part  of  u'2 
(representing  turbulent  and  indirect  thermal  contributions). 

We  will  present  first  the  free  shear  part  modelling  and  nest,  the 
shear  one. 


•  •  2/2  2 

By  using  evident  relation  w'  /  u'  -  RiuFr(  based  on 
number  definition  (3),  the  anisotropic  parameterization  is 
obtained: 


u'  FS“V’  fs  (assuming  horizontal  isotropy)  (4) 

2k  -  u’2  +  v'2  +  w'2  «  2u'2  fs  +  w'2  FS 

In  fact,  system  (4)  is  a  simple  anisotropic  modelling  for  the  first 
oscillatory  wave  (represented  by  the  three  fust  zones)  of  the 
kinetic/potential  energy  exchange  phenomenon.  So,  thermal 

stratification  has  a  direct  influence  on  u'? . 


Free  Shear  Part 

An  experimental  correlation  based  on  free  shear  grid  turbulence 
decay  affected  by  constant  temperature  gradient  (Yoon  and 
Warhaft,  1989's  and  Lienhard  and  Van  Atta,  1989's  experiments) 
is  built  to  provide  a  relation  between  the  vertical  turbulent 
Froude  number  Fr,and  the  horizontal  turbulent  Richardson 
number  Ri  : 


Fr,  -  cRi"°  with 


(3) 


— rOS  / 

Fr, »  w'2  /NLU 
[Riu 

where  N  is  the  Brunt  Vaisala  frequency  -N2  -  (g/0Q  )i0/5z-, 
—1-5  / 

Lu  -  u'  ft  the  horizontal  turbulence  lengthscale  and  c  and  n 
are  some  simple  fonctions  of  Ri  . 

In  the  experiments,  Riu  range  from  0.0  to  70.0.  Four  zones  can 
be  approximately  identified  (fig.  1): 

•  turbulence  isotropy  for  Riu  a:  0.1(«passive»  flow). 

•  anisotropy  increasing  for  0.1  a:  Riu  s  1.0  . 

•  return  to  isotropy  for  10  s  Riu  a  30.0  . 

oscillations  for  Ri  u  higher  than  30.0;  but,  because  of  the  too 
high  complexity  of  oscillatory  wave  phenomenon  at  this 
closure  level,  these  oscillations  are  not  taken  into  account  in 
the  k-t-Ri  model  and  turbulence  isotropy  is  imposed 

(ufps  “2/3k). 


Shear  Part 

Supposing  cross  derivatives  preponderance,  homogeneity 
hypothesis  applied  on  u'w'  second-order  GL’s  transport 
equation  gives: 


-  kf-raw  — rau) 

u*w’--3/2C  -  u'  - +  w'  —  ;  C  -0.09  (5) 

e  v  ax  dz ) 

Generalization  of  (5)  for  shear  part,  u'f  u'^ ,  is  adopted  (no 
sum  on  i  and  j): 


u’.  u’.  --3/2  C 
1  Js  '  M 


~  —  au. 

ax«  ax.J 


k  — au. 

+  <6) 

t  axt 


As  anisotopy  of  u'2  normal  stresses  due  to  stratification  is 
taken  into  account  by  means  of  (4),  we  see  that  equation  (6) 
sensibilize  all  the  Reynolds  stresses  to  stratification.  Reminding 
that,  in  the  standard  k-£  model,  u’;  u'js  -  -CM  k2/e  2Sy  where 
Sy  is  the  strain  rate  tensor,  the  major  improvement  of  this 

formulation  is  that  it  limits  the  over-estimation  of  turbulent 
kinetic  energy  production  by  shear  in  stably  stratified  flows. 

Indeed,  reduction  of  w’  by  stratification  (equation  (4))  impose 
reduction  of  u'w'  and  so  of  shear  production. 

Using  (6),  supposing  weak  anisotropy,  anisotropic  turbulent 
viscosity  is: 


k  uf  +u’2 
vTij  "  3/2  - L 


(J) 


Heat  Fluxes 

Modelling  for  vertical  heat  flux  results  from  w'2  GL's 
transport  equation  using  Rodi,  1985's  type  of  hypotheses 
(applied  on  convection,  diffusion  and  shear  production  terms). 
Then,  w'0'  depends  on  vertical  turbulence  anisotropy: 

_  (Cj  -  l)e/kfw^  -  2/3k) 

g/60  w’ff - - — i - L  (8) 

w’7k-2+4/3C3 

Equation  (8)  allows  an  estimation  of  turbulent  Prandd  number 
Pr,  to  calculate  horizontal  heat  fluxes  by  means  of  usual  gradient 
formulation  with  anisotropic  turbulent  viscosity  (7): 


Pr, 


U';  & 


w’ff  dz 

n 

Pr,  axi 


« lor2) 


(9) 


P2-2 


K  and  t  equations 

k  and  e  modelled  equations  are  extensions  of  Chen  and  Kim, 
1987s  model  for  stratified  flows:  time  scale  (pk  +CE3Gk  )/k  is 
used  instead  of  Pk  /k  with  C£3  -  0  -  0.2  (Rodi,  1985). 
f  Dk 

- pt+Gk-e+Difk 


De 

Dt 


e/  N  (pk+C-GkY  e2 

i -(pk  +  C.aGx > C,  —  — ' - C  2 -  +  Dif, 


(10) 


with  Pk  is  shear  production,  Gk  buoyancy  production  and  Dif 
diffusion  term. 

To  end.  Launder  and  Shaima,  1974  low  Reynolds  number 
extentions  are  introduced. 


TEST  CASES  AND  ANALYSIS 

In  order  to  determine  the  three  models  (k-e-Ri  model,  5GL 
and  5 CL)  applicability  range  in  terms  of  Richardson  number,  two 
free-shear  and  one  shear  stably  stratified  test  cases  are  selected 

The  three  flows  show  active  thermal  behaviour  the  thermal 
lengthscale  affects  that  of  the  velocity  field  So,  if  these  test  case 
configurations  seem  to  be  numerically  rather  simple,  the  physics 
is  complex  because  of  this  interaction  between  dynamic 
lengthscales  of  both  turbulence  and  stratification  in  these 
unconfined  flows. 

5GL  and  5 CL  converge  more  slowly  than  the  k-e-Ri  model: 
at  least  twice  as  many  iterations  are  needed  to  obtain  the  same 
numerical  convergence  on  the  three  test  cases.  This  is  evidently 
due  to  the  strongest  coupling  associated  with  the  three  additional 
transport  equations. 


FIVE  EQUATION  MODELS 

Anisotropisation  by  stratification  is  due  to  kinetic/potential 
energy  exchanges  by  means  of  vertical  heat  flux.  Indeed, 
assuming  vertical  homogeneity  and  stationarity,  the  equations  for 
vertical  turbulent  kinetic  energy,  vertical  heat  flux  and 
temperature  variance  reduce  to  (Yoon  and  Warhaft,  1989): 

u£w^/2  g  _  dw'  dw'  l  ap' 

e0  3Xj  dX;  P0  dx 


dw'e1 
u - 

dx 


,2  36  8  2 

-w'  — + — e 

dz  0. 


1  dp' 

— e> — 

p0  dx 


(11) 


a0,z/2  _ ae 

U - -  -w'0' — -e0 

3x  dz 

In  order  to  take  into  account  energy  exchanges  and  turbulent 
diffusion  (terms  not  written  in  (11)  which  have  to  be  modelled) 
due  to  stratification,  two  five  equation  models  are  based  on 


explicit  resolution  of  the  three  further  transport  equation  for  w'2 , 

w'0'  and  0'  of  two  second-order  models.  Indeed,  second- 
order  closure  is  usually  regarded  as  being  the  best  level  of  wide 
applicability.  Basic  second-order  model  for  thermal  flows  (GL) 
is  known  to  have  limitations  (especially  in  non-local  equilibrium 
-i.e.  Pk+Gk  *e)  so  we  consider  also  nonlinear  Craft  and 


Launder,  1991 ’s  realizable  model  (CL)  which  have  quadratic 
pressure-strain  expression  and  moreover  does  not  seem  to  need 
empirical  «wall-reflexion»  terms  (Craft  et  al,  1996).  The  two 
five  equation  models  will  be  denoted  here  by  5GL  and  5CL, 
respectively  issued  from  GL  and  CL. 

Other  unknown  Reynolds  stresses  are  estimated  by: 


u*>  »'j  “  (k- l/2^2)&ij  -  3/2  C(J  ~|uf  ~~~+  ®'j 

k/-rdu  -rav\ 

+  3/2  C„  —  2  +  v'2  (n0  sunl  on  *  *“4  j) 


(12) 


Equation  (12),  with  the  same  shear  part  that  of  the  k-e-Ri 
model  (6),  allows  vanishing  into  two  component  turbulence 

(extinction  of  w'2,  w'0'  and  u'w').  Indeed,  in  a  simple  shear 


flow  with  strong  stable  stratification,  extinction  of  w'2  by 
buoyancy  imposes  extinction  of  u’w'  in  (12). 

k  and  e  transport  equations  are  the  same  as  used  in  the  k-e-Ri 
model. 


Case  1 


Case  1  is  a  grid  turbulence  decay  with  initial  «passive»  vertical 
flux  (13)  affected  by  a  constant  vertical  gradient  of  temperature 
(Yoon  and  Warhaft,  1989's  experiment  with  high  Brunt  Vaisala 

frequency  N=1.3  s  and  grid  Reynolds  number 
ReM  -  UM/v-4000). 


Pwfl-W' 


s/pwe)  --0.7 


(13) 


This  experiment  allows  assesment  of  models  about 
anisotropisation  by  stratification.  This  test  is  particularly 
important  for  the  k-e-Ri  model  because  its  construction  is  partly 
based  on  this  type  of  flow  (correlation  (4)). 

For  the  k-e-Ri  model,  anisotropisation  is  effectively  well 
predicted  (fig.  2). 

Despite  their  further  equations,  five  equation  and  second-order 
models  are  less  accurate  than  the  k-e-Ri  model  (fig.  3).  Indeed, 
this  test  case  reveals  that  linear  models  (GL  and  5GL)  delay  the 
initial  evolution  of  potential  energy,  turbulence  anisotropy  and 
vertical  flux  partly  due  to  rapid  pressure-strain  part  With  their 
non-linear  pressure-strain  modelling,  CL  and  5 CL  show  a 
slightly  better  behaviour  than  linear  models  though  not  perfect 
(vertical  heat  flux  minimum  is  between  that  of  the  k-E-Ri  model 
and  of  linear  ones). 


Case  2 

Case  2  is  a  grid  turbulence  decay  submitted  to  a  thermal 
mixing  layer.  It  is  a  stably  stratified  mixing  layer  sandwiched 
between  regions  of  neutral  turbulence  (Jayesh,  Yoon  and 
Warhaft,  1990’s  experiment  with  A0  -  20K  and  Brunt  Vaisala 

frequency  on  the  centre  line  Nc  -  2.68s*1).  This  test  case  is  an 
extension  from  the  experiments  of  Yoon  and  Warhaft,  1989  with 
a  vertical  inhomogeneity  which  fundamentally  changes  the 
nature  of  the  flow.  In  this  strongly  stratified  situation,  after  an 
initial  growth  (x/M  s  40),  the  mixing  layer  thickness  diminishes 
with  fetch  and  on  the  centre  line,  heat  flux  and  turbulent  kinetic 
energy  are  reduced  comparing  with  their  level  in  the  rest  of  the 
flow  because  of  potential  energy  production. 

Case  2  allows  first  validation  of  present  models  for  flows 
where  diffusion  plays  an  important  role  (for  example,  inversion 
layer  in  atmosphere)  and  second,  it  shows  the  superiority  of  non¬ 
linear  pressure-strain  modelling  issued  from  Craft  and  Launder, 
1991. 

First,  the  weak  decrease  rate  of  potential  temperature  half  width 
is  predicted  by  all  models  except  the  standard  k-E  model  which 
provides  a  growth  rate  comparable  with  that  of  «passive»  step 
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case  A9  -  4K  of  Ma  and  Warhaft,  1986  (half  width  not  shown 
here). 

On  the  centre  line,  as  the  k-e-Ri  model  by  construction  does 
not  simulate  turbulence  and  heat  diffusion  effects  on  Reynolds 
stresses  and  heat  fluxes,  turbulence  anisotropy  is  underestimated 
(here,  Riu  is  in  «retum  to  isotropy »  range  although  experiment 
shows  anisotropy  growth);  but,  vertical  heat  flux  shows  an 
acceptable  evolution  compared  with  experiment  and  more 
elaborate  models  (fig.  4),  partly  because  w'0'  behaviour  is  less 
dependent  on  diffusion  than  on  equilibrium  state  between  k  and 
Epot  (we  point  out  that  in  the  k-e-Ri  model,  this  exchange 
phenomenon  is  implicitely  represented  by  the  anisotropisation 
correlation  (3)).  Five  equation  and  second-order  models  achieve 
rather  good  agreement  for  w'0'  except  the  unpredicted  weak 
conter-gradient  flux  (fig.  4). 

Vertical  evolution  of  w'  /  w'  o ,  vertical  velocity  variance 
divided  by  its  value  outside  the  layer,  and  of  (13)  show  a  far 
better  overall  agreement  for  second-order  models  than  for  five 
equation  ones  (only  pw0  at  x/M=180  shown  in  fig.  5).  This 

discrepancy  is  partly  due  to  evaluation  of  u'w'  which  plays  a 
role  in  Reynolds  stresses  redistribution  (pressure-strain  rapid  part 
modelling)  and  potential  energy  vertical  diffusion.  Indeed,  in 
second-order  models,  u'w'  is  obtained  by  an  evolution  equation 
and  so: 

.  2  ?  0  5 

P™  “  »'»7(u' W  )  -0-0.2  (14) 

(confirmed  by  Jayesh  et  al.,  1991).  This  is  not  the  case  in  first- 
order  models  where  u'w'  only  depends  on  shear  (so,  here, 
u'w'-  0). 

The  experimentally  observed  heat  flux  decreasing  and  relative 
minimum  near  the  centre  line1 2  is  only  predicted  by  CL  and 
qualitatively  reproduced  by  5CL  and  the  k-e-Ri  model  (fig.6). 
We  can  see  here  the  importance  to  first  analyse  absolute  values 
(i.e.  dimensional  profiles)  before  relative  ones.  This  discrepancy 
between  GL's  and  CL's  models  is  due  to  delayed  heat  flux 
behaviour  prediction  of  GL,  yet  revealed  with  Case  1. 

So,  for  this  flow  with  strong  diffusion,  despite  only  qualitative 
results  on  turbulence  and  heat  correlations,  the  k-e-Ri  model 
allows  good  predictions  of  mean  variables  (U;  ,0)  and  turbulent 
kinetic  energy  (k).  More  physical  behaviour  is  found  with  CL 
and  5 CL  than  with  GL  and  5GL.  Lastly,  CL  shows,  not 
surprisingly,  better  agreement  with  experiment  than  its  new  first- 
order  version. 


Case  3 

Case  3  is  a  stably  stratified  and  sheared  homogeneous 
turbulence  (Large  Eddy  Simulations  and  Direct  Numerical 
Simulations  of  Kaltenbach  et  al.,  1994  and  Holt  et  al.,  1992). 

The  gradient  Richardson  number  is  defined  by: 


Two  tests  are  conducted:  one  for  Ri=0.13  where  local 
equilibrium  (i.e.  Pk  +  Gk  -  e)  is  nearly  satisfied  and  another  for 
Ri=0.5  where  stratification  imposes  turbulence  decay. 

This  low  Reynols  number  flow  is  simulated  using  low 
Reynolds  versions  of  models.  Launder  and  Sharma,  1974's 


1  Unfortunately,  Jayesh  et  al.,  1991's  paper  does  not  show  vertical  profile  of 

vertical  heal  flux.  Its  behaviour  can  be  deduced  by  analysis  of  ,  w' 

2 

and  0'  vertical  profiles.  Only  one  precise  value  is  known  on  the  centre 
line  (fig.  6). 


model  is  used  as  basic  first-order  model  named  here  Low 
Reynolds  Model.  At  all  Richardson  number,  DNS  showed  huge 
impact  of  stratification  on  turbulent  kinetic  energy  production  by 
shear  Pk. 

k  behaviour  of  standard  k-£  and  low  Reynolds  models  is  far 
from  equilibrium  state  (Ri=0.13)  or  decrease  (Ri=0.5)  predicted 
by  DNS  (fig.  7  and  8).  For  Ri=0.13,  the  k-e-Ri  model  achieves 
globally  good  agreement  on  k  evolution  even  if  Pk  /e  is  20% 

(  .  rt 

over-estimated  (not  shown)  because  of  simple  modelling  of  w' 
and  u'w'  (  equations  (3)  and  (4)).  Ri=0.5  case  Riu  range  is 
obviously  out  of  this  model  range  applicability  (Riu  is  between 
25  and  50):  the  k-e-Ri  model  behaviour  is  nearly  the  same  than 
the  standard  k-e  and  low  Reynolds  model  ones. 

On  the  other  hand,  if  k  prediction  is  accurate  for  the  five 
equation  models  (fig.  7  and  8),  5CL  captures  the  experimental 
behaviour  of  potential  energy  quite  well  in  the  two  Ri  cases 
contrary  to  5GL  which  fails  to  give  the  correct  evolution  (partly 
due  to  ee  estimation  made  with  constant  time-scale  ratio  R). 
Furthermore,  5  CL  even  provides  Epot  /  k  mean  level  and  first 
oscillation  period  showed  by  DNS  with  very  good  accuracy 
(period  over-estimated  by  5%)  (fig.  9). 


CONCLUSION 

The  following  conclusions  can  be  drawn  from  this  evaluation 
of  the  two  new  types  of  first-order  closure  presented  here  in 
comparison  with  second-order  models  by  means  of  experiments 
and  DNS  data: 

•  the  k-e-Ri  model,  extention  of  standard  k-e  one,  is  widely 
better  in  capturing  stratification  effects  than  this  latter  and 
shows  good  results  for  weak  Ri  u  (s  30) . 

•  Craft  and  Launder,  1991's  second-order  closure  model  with 
nonlinear  pressure-strain  performs  better  and  shows  more 
physical  behaviour  than  the  basic  model  of  Gibson  and 
Launder,  1978.  Its  five  equation  version  is  recommended  for 
stably  stratified  atmospheric  flow  studies. 

In  order  to  validate  these  two  models  in  their  respective 
stratification  applicability  range,  atmospheric  type  flows  will  be 
used  with  and  without  complex  orography  effects  (heated  wall, 
hill). 
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Fig.  6  Vertical  profile  of  vertical  heat  flux. 


ig.  7  Time  evolution  of  k  for  Ri=0.13.  Caption  is  below. 


Fig.  8  Time  evolution  of  k  for  Ri=0.5.  Caption  is  below 
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Fig.  9  Time  evolution  of  Epot  /  k  for  Ri=0.5.  Caption  is  below. 
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ABSTRACT 

Application  of  a  second  moment  closure  turbulence  model  to 
computations  of  mesoscale  atmospheric  flows  over  coastal 
complex  terrain  is  described.  The  boundary  layer 
approximation  and  the  hydrostatic  assumption  were  used  in  this 
numerical  simulation.  The  turbulence  was  first  treated  using 
the  Reynolds  stress  model,  and  then  the  advection  and  diffusion 
terms  of  Reynolds  stress  and  heat  flux  transport  equations  were 
approximated  for  obtaining  algebraic  equations  for  Reynolds 
stresses  and  heat  fluxes.  Furthermore,  unsteady  flow  variations 
measured  in  the  atmosphere  were  included  in  this  model  by 
means  of  consideration  of  the  heat  budget  at  the  ground  surface 
and  a  four-dimensional  data  assimilation  method  at  wind 
velocities.  The  model  calculation  results  reproduce  well  the 
field  measurement  results;  i.e.,  the  calculation  results  for 
unsteady  variations  of  wind  velocities  and  mixing  layer 
development  over  the  land  area  agree  well  with  the  results  of 
field  experiments. 

INTRODUCTION 

Terrain  conditions  around  power  plants  in  Japan  are  usually 
complex  and  the  influences  of  these  terrain  conditions  on 
airflow  and  stack  gas  diffusion  are  significant.  Because  the 
stack  gas  diffusion  phenomena  are  also  governed  to  a  large 
extent  by  turbulence,  it  is  necessary  to  estimate  turbulence 
when  accurate  prediction  is  made.  In  this  work,  a  numerical 
simulation  method  that  can  be  used  to  estimate  the  turbulence 
was  developed  for  prediction  of  mesoscale  atmospheric  flows 
under  complex  terrain  conditions  around  a  power  plant.  The 
effects  caused  by  temperature  nonuniformity,  such  as  the 
ground  surface  temperature  variations  due  to  changes  in  the 
intensity  of  solar  radiation,  are  not  negligible  in  the  atmosphere, 
because  turbulence  increases  and  decreases  when  unstable  and 
stable  layers  are  formed,  respectively.  Furthermore,  the 
influences  of  large-scale  inflows  into  the  area  are  also  not 
negligible,  because  airflow  directions  vary  according  to  the 
inflow  patterns.  For  these  reasons,  it  is  necessary  to  take  into 
consideration  not  only  the  turbulence  but  also  the  unsteady 
effects,  such  as  changes  in  ground  surface  temperature  and 


unsteady  large-scale  inflows,  when  more  accurate  airflow  and 
stack  gas  diffusion  predictions  are  to  be  made.  To  simulate 
airflows  in  the  atmosphere,  the  ground  temperature  was 
estimated  by  means  of  heat  budget  consideration  including 
solar  radiation  intensity  variations.  Unsteady  wind  variations 
were  incorporated  into  the  model  by  a  four-dimensional  data 
assimilation  method.  The  performance  of  the  developed 
numerical  simulation  method  under  complex  terrain  and 
thermally  non-neutral  conditions  was  demonstrated  and  its 
accuracy  is  discussed  based  on  comparison  of  field 
measurement  results. 

FIELD  OBSERVATION 

Field  observations,  for  collecting  data  for  comparison  with 
the  calculation  results,  were  conducted  during  the  daytime  for 
about  one  week  in  the  summer  of  1994.  This  observation  period 
was  selected  because  the  weather  was  often  fine  and  sea 
breezes  often  occurred  then  and  it  was  not  difficult  to  conduct 
field  observations  and  collect  data  under  such  weather 
conditions.  The  hourly  variations  in  wind  velocity  and 
temperature  at  up  to  2000  m  above  the  ground  were  measured 
using  rawinsondes  at  four  points  within  the  field  observation 
area:  i.e.,  the  power  station  was  located  at  Point  A  and  the 
west-east  and  south-north  distances  were  both  zero  (Fig.  1), 
Point  B  was  about  4  km  north  northwest  of  the  power  station. 
Point  C  was  about  9  1cm  north  northeast  of  the  power  station 
and  point  D  was  about  6  km  north  northwest  of  the  power 
station.  Points  A  and  C  were  located  beside  the  coastline,  at 
altitudes  above  mean  sea  level  of  nearly  zero.  Points  B  and  D 
were  located  inland  and  about  5  km  from  the  coastline,  at 
altitudes  above  mean  sea  level  of  about  100  m.  The 
rawinsondes  were  released  from  10  a.m.  to  the  afternoon  at 
one-hour  intervals.  Data  for  a  given  day  were  selected  for 
comparison  with  the  calculated  unsteady  flow  field;  i.e.,  a  sea 
breeze  occurred  at  around  noon  and  unstable  mixing  layers 
developed  over  the  land  area  on  that  day. 

SIMULATION  MODEL 

A  numerical  simulation  method  based  on  turbulence  closure 
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techniques  was  developed  for  prediction  of  mesoscale 
atmospheric  flows.  This  numerical  simulation  method  is  based 
on  the  so-called  z*  coordinate  system.  When  this  coordinate 
system  is  used,  only  vertical  linear  interpolations  are  necessary 
at  grid  generations.  The  physical  coordinates  (x,  y,  z)  are 
transformed  to  calculation  coordinates  ( f ,  V ,  C )  using 


f  =  x,  v  =  Y, 


t  = 


_  z-z  (x,y) 

pj _ * _ 

H-z  (x,y)  ’ 

f 


(1) 


where  z,_is  the  altitude  of  the  terrain  above  mean  sea  level  and 
H  and  H  are  the  heights  of  the  physical  and  calculation 
domains,  respectively  (e.g.  Sada  et  al.,  1996).  Then  the 
boundary  layer  approximation  is  performed;  i.e.,  horizontal  but 
not  vertical  gradients  of  turbulence  quantities  are  eliminated. 
Furthermore,  the  vertical  component  of  wind  motion  is  treated 
under  tire  hydrostatic  assumption  in  this  numerical  method. 
Finally,  the  wind  velocity  transport  equations  of  the  two 
horizontal  components,  U  and  V, 
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are  derived.  The  right-hand  sides  of  the  above  two  equations 
indicate  the  substantial  derivatives  of  U  and  V,  respectively, 
f ,  ©  ,  P  and  g  are  the  Coriolis  parameter,  potential 
temperature,  thermal  expansion  coefficient  and  gravity 
parameter,  respectively.  (©)  is  the  horizontally  averaged 

potential  temperature  and  ji(h|  is  modified  pressure  at  H  . 

The  lowercase  letters  u ,  v  and  w  are  the  fluctuation 
components  of  velocity  where  w  is  a  vertical  component. 

In  this  report,  because  unsteady  atmospheric  flows  in  a 
coastal  area  with  complex  topographic  conditions  are  simulated 
and  the  obtained  simulation  results  are  compared  with 
measured  wind  and  temperature  profiles,  a  four-dimensional 
data  assimilation  (FDDA)  scheme  developed  by  Benjamin  and 
Seaman  (1985)  and  Stauffer  and  Seaman  (1990),  based  on 
Newtonian  relaxation  or  “nudging,”  is  incorporated  into  the 
velocity  transport  equations  for  the  two  horizontal  wind 
components.  The  nudging  terms,  the  fourth  terms  on  the  right- 
hand  sides  of  equations  (2)  and  (3),  are  based  on  the  correction 
term  of  a  successive-correction  objective  analysis  technique, 
which  gives  accurate  results  for  regions  of  low  data  density. 
G„  and  G.  are  the  nudging  factors  and  determine  the  relative 
weight  of  nudging.  A  four-dimensional  weighting  function,  w 


in  the  last  terms  on  the  right-hand  sides  of  equations  (2)  and  (3), 
is  a  function  of  horizontal,  vertical  and  temporal  effects 
between  the  calculation  and  measurement  values.  N  is  the 
number  of  measurements  and  the  subscript  ok  indicates 
measurement  values,  ut  and  vk  are  predicted  U  and 
V  values,  respectively.  In  these  calculations  carried  out  using 
the  FDDA  technique,  the  velocity  profiles  obtained  by 
rawinsondes  within  the  calculation  domain  are  used  as 
individual  objective  profiles. 

The  values  of  the  vertical  mean  wind  velocity  component 
( W‘ )  and  potential  temperature  are  obtained  from  the 
continuity  equation  and  transport  equation  of  potential 
temperature,  respectively. 


dJU  5JV  dJW* 
dS,  dr\  dq 


(4) 

(5) 


where  J  is  the  Jacobian  of  the  coordinate  transformation.  6 
is  the  fluctuation  component  of  potential  temperature. 

Next  it  is  necessary  to  determine  the  Reynolds  stresses  uw 
and  vw  and  heat  flux  tie  .  The  turbulence  closure  model  based 
on  the  Reynolds  stress  model  proposed  by  Gibson  and  Launder 
(1978)  and  Launder  (1988)  is  applied  first.  For  avoiding 
extensive  calculation  and  use  of  large  amounts  of  computer 
resources,  the  advection  and  diffusion  terms  in  the  Reynolds 
stress  and  heat  flux  equations  are  simplified  according  to  the 
suggestions  of  Rodi  (1976),  and  finally  the  Reynolds  stresses 
and  heat  fluxes  are  expressed  in  terms  of  algebraic  equations, 
for  example. 


Pk+Gl-(l-C,-|orf)c 
xj-fl-C  +-C  C'flw2?  — 

}  l  »  2  »  *  /  *  as 

+(i-c+|c3c;f)pg^}. 


(6) 


W0  =  - 


1 


l{pk  +  Gk  - (l  -  2C„  -  2Cr„f)E}  +  -=  (P,  -  2e, 

-^rs,^-+(i-c«+c»cr.f)pg0r 


(7) 


where  the  model  constants  are  indicated  by  C  and 
distinguished  by  use  of  subscripts  and  a  superscript.  Die 
conventionally  used  model  constants  are  taken  from  the  work  of 
Launder  (1988),  pk  and  Gk  are  the  production  and  buoyancy 
terms  of  the  turbulent  kinetic  energy  ( k  )  transport  equation 
and  s  is  the  dissipation  rate  of  turbulent  kinetic  energy.  p( 
and  g,  are  the  production  and  buoyancy  terms  of  the 
temperature  variance  transport  equation  and  ee  is  the 
dissipation  rate  of  temperature  variance.  The  turbulent  kinetic 
energy  transport  equation,  its  dissipation  transport  equation  and 
temperature  variance  transport  equation  are  also  solved  for  the 
turbulence  closure.  These  equations  are  solved  in  finite- 
difference  forms  by  use  of  the  algorithm  of  the  SMAC  method. 
The  initial  velocity  and  turbulence  quantities  are  set  from  the 
observation  results  collected  at  10  a.m.  The  wall  function 
methods  are  applied  for  velocity  and  turbulence  quantities 
including  the  stratification  effects  described  by  Yaglom  (1977). 

Furthermore,  the  heat  budget  at  the  ground  surface  is  taken 
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into  account  for  determining  the  unsteady  ground  surface 
temperature  (Kondo,  1990,  Stull,  1991,  Mannouji,  1982).  In 
this  heat  budget,  radiation  (including  longwave  and  shortwave 
components),  latent  heat  exchange,  sensible  heat  exchange  and 
heat  transfer  into  the  ground  are  considered. 

The  calculation  domain  has  dimensions  of  about  37  km  in 
both  the  south-north  and  east-west  directions  and  3  km  in  the 
vertical  direction  as  shown  in  Fig.  1 .  The  eastern  third  of  the 
calculation  domain  is  an  area  of  sea  containing  islands.  The 
western  two-thirds  of  the  calculation  domain  is  land,  which 
includes  mountains  higher  than  1000  m.  Rivers  and  lakes  are 
also  located  in  this  land  area.  The  numbers  of  grid  points  are  80, 
64  and  40  in  the  south-north,  east-west  and  vertical  directions, 
respectively.  The  grid  lengths  in  the  vertical  direction  are 
increased  at  elevated  positions. 

RESULTS  AND  DISCUSSION 

Calculation  results  for  wind  velocity  are  compared  with  field 
observation  results  in  Figs.  2,  3,  4  and  5.  The  comparisons 
between  the  calculation  and  measurement  results  are  made  for 
four  positions  at  which  rawinsonde  observations  were  made. 
The  solar  radiation  was  relatively  weak  and  the  ground  surface 
temperature  started  to  increase  at  around  1 1  a.m.  For  these 
reasons,  though  a  sea  breeze,  i.e.  negative  values  of  west-east 
velocity,  U,  occurred  near  the  ground,  the  sea  breeze  was 
detected  at  relatively  low  heights,  for  instance,  about  100  m 
from  the  ground  at  Point  C.  Some  discrepancies  between  the 
observation  and  calculation  results  are  identified;  viz.,  the 
calculated  sea  breeze  velocity  is  lower  than  the  velocity  of  sea 
breeze  detected  at  Point  D  at  a  height  above  the  ground  of  less 
than  about  600  m.  However,  the  calculated  profile  and  the 
values  of  U  agree  well  with  those  determined  in  the 
observations.  Namely,  a  sea  breeze  is  calculated  to  occur  near 
the  ground,  and  a  wind  blowing  in  the  direction  opposite  that  of 
sea  breeze,  i.e.  positive  values  of  U,  was  calculated  to  occur  at 
elevated  positions.  Due  to  the  increase  in  the  intensity  of  solar 
radiation,  i.e.  maximum  solar  radiation  occurred  at  around  1 
p.m.  on  the  observation  day,  and  the  fact  that  the  ground  surface 
temperature  increased  much  more  than  the  sea  surface 


temperature,  the  air  tended  to  flow  more  from  the  sea  to  the 
land  area  at  1  p.m.  than  at  11  a.m.  For  these  reasons,  the 
measured  velocity  components  of  the  sea  breeze  near  the 
ground  increased  at  1  p.m.;  i.e.,  the  absolute  values  of  negative 
U  increased  at  Point  C  up  to  around  3  m/s  as  indicated  in  Fig.  3. 
Furthermore,  the  sea  breeze  was  also  detected  at  higher 
positions  at  1  p.m.,  i.e.  at  about  500  m  above  the  ground  at 
Point  C.  These  features  of  the  sea  breeze,  viz.  the  increment  in 
sea  breeze  velocity  components  and  its  measured  height  above 
the  ground,  are  also  reproduced  by  the  calculation  results  for  all 
four  positions  in  Fig.  3  and  good  agreement  between  the  results 
of  the  observations  and  calculations  is  obtained.  Measured 
west-east  velocity  components  at  an  elevated  position  at  1  p.m. 
were  positive  values  as  at  1 1  a.m.  and  these  features  of  U  are 
also  reproduced  by  the  calculation  results.  Though  positive 
values  continue  throughout  daytime  for  both  numerical 
simulation  and  observations,  negative  values  of  U  are  obtained, 
i.e.,  a  sea  breeze  is  detected,  near  the  ground.  According  to 
these  opposite  directional  winds,  a  sea  breeze  is  considered  to 
be  the  local  airflow  there,  and  these  phenomena  are  reproduced 
by  calculation  results. 

South  wind  components,  positive  values  of  V,  continued  in 
the  daytime  when  observations  were  performed  as  indicated  in 
Figs.  4  and  5.  Disagreement  between  the  calculated  and 
measured  south-north  velocity  components  is  observed  for 
regions  in  which  the  spatial  variations  of  the  measurement 
values  are  large  and  when  the  temporal  variations  of  the 
measurement  values  are  large.  For  instance,  the  measured 
south-north  velocities  at  Point  A  at  1 1  a.m.  near  the  ground 
were  low  compared  with  those  at  other  observation  points  at  1 1 
a.m.,  and  a  small  disagreement  between  calculated  and 
measured  south-north  velocity  components  is  observed  for  Point 
A  near  the  ground.  Furthermore,  measured  south-north 
velocities  at  Point  B  at  1  p.m.  at  around  z=1000  m  are  small  as 
compared  with  those  at  other  observation  points  at  1  p.m.  and 
those  at  1 1  a.m.,  and  some  disagreement  between  calculated 
and  measured  south-north  velocity  components  is  observed  for 
Point  B  at  around  z=1000  m.  These  disagreements  demonstrate 
the  difficulty  of  simulating  rapid  and  spatially  large  variations. 


Fig.  1  Calculation  domain  and  terrain  altitude. 
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even  when  a  four-dimensional  data  assimilation  scheme  is  used. 
The  disagreements  are  due  to  the  fact  that  the  numerical 
simulations  are  performed  satisfying  a  physical  process,  for 
instance  continuity  conditions  and  other  conservation 
conditions,  and  consequently  the  calculation  results  obtained 
tend  to  vary  smoothly  with  time  and  space.  For  this  reason,  the 
calculated  south-north  velocity  components  at  Point  B  at  1  p.m. 
vary  smoothly  with  height,  and  some  discrepancies  are  obtained 
at  around  z=1000  m.  However,  the  regions  in  and  times  at 
which  disagreements  are  obtained  are  limited  and  otherwise 
good  agreement  is  obtained. 

Calculated  potential  temperature  profiles  at  Point  A,  located 
beside  the  coastline,  are  shown  in  Fig.  6  in  comparison  with 
observation  results.  The  measured  potential  temperature  at  1 1 
a.m.  decreased  with  the  height  above  the  ground,  due  to  stable 
stratification  at  an  elevated  position.  However,  the  vertical 
gradient  of  the  measured  potential  temperature  was  almost 
constant  with  change  in  height  when  the  height  was  lower  than 
300  m,  due  to  the  beginning  of  the  increment  of  the  ground 
surface  temperature  at  1 1  a.m.  These  features  of  potential 
temperature  are  reproduced  by  the  calculation  results,  and  good 
agreement  between  the  observation  and  calculation  results  is 
obtained.  Due  to  the  increase  in  the  intensity  of  solar  radiation, 
the  ground  surface  temperature  continued  to  increase  until  1 
p.m.,  at  which  time  the  measured  potential  temperatures  were 
also  larger  than  those  at  1 1  a.m.  Furthermore,  an  almost 


constant  measured  potential  temperature  region  extended 
vertically  up  to  about  1000  m  at  1  p.m.  This  almost  constant 
measured  potential  temperature  region  corresponds  to  the 
mixing  layer,  in  which  active  turbulent  mixing  occurs  in  the 
vertical  direction.  The  calculated  ground  surface  temperature 
increment  at  1  p.m.  is  smaller  than  that  determined  in  the 
observation,  and  discrepancies  of  several  degrees  Celsius 
between  calculated  and  measured  potential  temperature  are 
observed  for  heights  of  less  than  about  700  m.  Though  some 
discrepancies  between  calculated  and  measured  potential 
temperature  are  observed,  increments  of  potential  temperature 
and  an  almost  constant  measured  potential  temperature  region 
are  identified  by  calculation  for  1  p.m.  and  good  agreement 
between  calculation  and  observation  results  is  obtained. 

Contour  lines  of  calculated  potential  temperature  are  shown 
in  Fig.  7  for  the  west-east  cross-section  in  which  Point  A  is 
included  and  the  south-north  distance  is  equal  to  zero.  Positive 
and  negative  values  of  west-east  distance  in  Fig.  7  correspond 
to  the  land  and  sea  areas,  respectively.  The  ratios  of  contour 
line  intervals  at  elevated  positions  are  equally  varied  with 
west-east  distance  between  the  ground  and  the  top  of  the 
calculation  domain,  viz.  z=3  km.  These  features  of  contour  lines 
at  an  elevated  position  indicate  stable  stratification  as  shown  in 
Fig.  6.  On  the  other  hand,  the  contour  lines  over  the  land  and 
near  the  ground,  i.e.  in  the  regions  of  negative  west-east 
distance  and  at  heights  lower  than  about  1000  m,  are  sparse. 


Fig.  2  West-east  components  of  velocity,  U,  at  1 1  a.m.  The  negative  and  positive  values  indicate  east  and  west  winds,  respectively. 


Fig.  3  West-east  components  of  velocity  at  1  p.m. 
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These  features  of  contour  lines  near  the  ground  are  typical  at  3 
p.m.  and  indicate  the  development  of  a  mixing  layer  over  the 
land.  These  regions  in  which  the  contour  lines  are  not  obtained 
correspond  to  the  constant  potential  temperature  regions  as 
indicated  in  Fig.  6. 

Contour  lines  of  calculated  turbulent  kinetic  energy  are 
shown  in  Fig.  8  for  the  same  cross-section  as  for  Fig.  7.  Densely 
distributed  contour  lines  are  on  the  land  area  at  negative  west- 
east  distances,  and  sparse  contour  lines  are  on  the  sea  at 
positive  west-east  distances.  These  densely  distributed  contour 
lines  show  the  increments  in  turbulent  kinetic  energy  on  the 
land  area.  As  regards  the  time  variations  of  turbulent  kinetic 
energy,  densely  distributed  contour  lines  are  located  near  the 
ground  at  1 1  a.m.;  this  indicates  that  the  production  of  turbulent 
kinetic  energy  occurs  near  the  ground.  Approaching  1  p.m.,  i.e. 
with  increasing  intensity  of  solar  radiation  and  ground  surface 
temperature,  contour  lines  obtained  heights  and  the  number  of 
contour  lines  increase.  This  indicates  that  the  production  of 
turbulent  kinetic  energy  is  enhanced  by  a  buoyancy  effect  and 
the  calculated  turbulent  kinetic  energy  increases  not  only  near 
the  ground  but  also  at  elevated  positions.  Though  the  solar 
radiation  weakened  approaching  3  p.m.,  these  features  of  the 
calculated  turbulent  kinetic  energy  at  1  p.m.  are  also  observed 
for  3  p.m.  They  are  due  to  the  large  heat  capacity  of  the  ground 
soil,  and  the  decrement  of  the  ground  surface  temperature  is 
small  in  spite  of  the  solar  radiation  intensity  decrement  at  3 


p.m.  The  features  of  the  turbulent  kinetic  energy  mentioned 
above,  its  increment  at  around  the  noon  for  instance,  indicate 
the  unsteady  development  of  the  mixing  layer  on  land 
corresponding  to  constant  potential  temperature  profiles  up  to 
about  700  m  as  indicated  in  Fig.  6. 

CONCLUSIONS 

Unsteady  airflows  over  coastal  complex  terrain  were 
calculated  by  a  simulation  method.  This  numerical  simulation 
method  based  on  turbulence  closure  techniques  and  complex 
terrain  is  treated  by  use  of  a  so-called  z*  coordinate  system.  In 
this  report,  because  unsteady  atmospheric  flows  were  simulated 
and  the  simulation  results  obtained  were  compared  with 
measured  wind  and  temperature  profiles,  a  four-dimensional 
data  assimilation  scheme  was  incorporated  into  the  velocity 
transport  equations  for  the  two  horizontal  wind  components, 
and  the  heat  budget  was  taken  into  consideration  for  varying 
ground  surface  temperature.  The  profiles  of  wind  velocity 
versus  height  obtained  by  calculation  are  similar  to  those 
determined  by  field  observation  expect  in  some  regions  in 
which  the  spatial  variations  of  the  measurement  values  were 
large.  Furthermore,  development  of  sea  breezes  and  the  mixing 
layer  was  well  reproduced.  Namely,  the  calculated  turbulent 
kinetic  energy  increases  at  elevated  positions,  where  the 
calculated  potential  temperature  is  almost  constant  with  height, 
at  around  noon.  Furthermore,  the  increment  in  sea  wind 


Fig.  4  South-north  components  of  velocity,  V,  at  1 1  a.m.  The  negative  and  positive  values  indicate  north  and  south  winds,  respectively. 


Fig.  5  South-north  components  of  velocity  at  1  p.m. 
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velocity  at  around  noon,  i.e.,  negative  values  of  U,  is  well 
reproduced  by  calculation  results  and  good  agreement  between 
the  calculation  and  observation  results  is  obtained. 
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Fig.  6  Potential  temperature  at  Point  A. 
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Fig.  7  Contour  lines  of  potential  temperature  at  the  cross-section  of  south-north  distance  0km. 
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Fig.  8  Contour  lines  of  turbulent  kinetic  energy  at  the  same  cross-section  as  for  Fig.  7. 
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ABSTRACT 

Quarter-scale  experiments  in  a  mould  of  a  width  of  L  =  457 
mm  simulating  the  continuous  casting  of  steel  beneath  a  floating 
slag  layer,  by  using  olive  oil  floating  on  water,  were  conducted 
in  order  to  gain  insight  into  the  transient  effects  such  as  internal 
waves  in  the  flow  pattern  in  the  mould  leading  to  entrainment  of 
the  floating  layer.  Water  was  injected  through  a  model  of  a 
submerged  bifurcated  entry  nozzle  into  the  mould  model  at  a 
range  of  jet  Reynolds  numbers  from  10500  to  17500  The 
associated  range  of  Froude  numbers  amounted  from  1.50  to 
2.60.  Mean  and  rms  internal  wave  heights  at  the  simulated  steel 
meniscus  between  the  two  immiscible  layers  were  quantified  as 
a  function  of  volume  flow  rate  in  the  feed  pipe,  referred  to  as 
casting  speed,  between  1 6  and  28  1/min  and  the  immersion  depth 
of  the  submerged  nozzle  varying  from  50  mm  to  150  mm. 
Conditions  which  induced  the  start  of  entrainment  of  the 
floating  layer  into  the  lower  flow  are  identified.  A  digital  image 
processing  system  was  employed  to  measure  interfacial  mean, 
and  the  corresponding  rms,  wave  heights  which  were 
complemented  by  laser-Doppler  anemometer  measurements  to 
simultaneously  determine  the  associated  horizontal  velocity 
component,  called  wave  pushing  velocity,  just  upstream  of  an 
internal  wave  trough.  The  normalised  magnitude  of  internal 
mean  wave  heights  decreased  by  about  0.3  with  increasing 
casting  speed  and  by  about  0.15  with  increasing  immersion 
depth  of  the  bifurcated  nozzle.  Corresponding  rms  values 
decreased  by  0.2  over  the  range  of  casting  speeds  and  by  about 
0.1  as  the  immersion  depth  increased.  With  increasing  casting 
speed,  the  influence  of  the  immersion  depth  decreased  by  about 
0.1  in  mean  as  well  as  in  rms  wave  heights.  The  position  of 
minimum  internal  wave  height  coincided  with  the  region  of  the 
maximum  of  the  corresponding  rms  value  and  coincided  with 
locations  where  entrainment  was  most  likely  to  occur.  A  critical 
value  of  a  dimensionless  Weber  number,  Wec  =  pus2h/cr,  of 
about  21  is  suggested,  based  on  instantaneous  wave  heights  and 
associated  simultaneously  obtained  wave  pushing  velocities, 
above  which  slag  entrainment  will  occur. 


INTRODUCTION 

In  the  mould  of  the  continuous  casting  process  in  steel 
production,  the  liquid  steel  is  injected  through  a  submerged 
bifurcated  entry  nozzle  (SEN)  which  is  below  the  interface 
formed  by  the  floating  semi-molten  layer  of  slag.  The  flow  of 
molten  steel  within  the  mould  is  fully  turbulent  and  the  flow 
pattern  above  the  exit  of  the  submerged  entry  nozzle,  near  the 
surface,  consists  of  a  pair  of  vortices  (see  Figure  1)  on  either 
side  of  the  vertical  symmetry  plane  and  their  transient  motion 
induces  unsteady  internal  waves  at  the  steel  meniscus  between 
the  denser  steel  and  the  lighter  slag.  Figure  2  shows  a  quarter- 
scale  laboratory  experiment,  simulating  the  siag/molten  steel 
interface  by  olive  oil  floating  on  water,  and  was  obtained  by 
means  of  the  digital  image  processing  system  which  is  described 
in  the  following  section.  In  production,  the  casting  speed  is 
limited  in  part  by  the  fact  that  these  waves  ultimately  become 
sufficiently  strong  to  result  in  the  intermittent  entrainment  of  the 
slag  into  the  steel  which  leads  to  undesirable  inclusions  in  the 
final  product.  These  must  be  minimised.  The  interfacial  wave 
heights  as  well  as  the  start  of  entrainment  depend  on  the 
strength  of  the  vortices  which  can  be  controlled  by  changing  the 
flow  rate  in  the  feed  pipe  and  the  immersion  depth  of  the 
submerged  entry  nozzle.  Hence,  this  paper  focuses  on  the  fluid 
dynamic  point  of  view  by  physical  modelling  of  the  steel 
meniscus  within  the  continuous  casting  mould,  rather  than  on 
the  point  of  view  of  metallurgy,  and  at  the  same  time  data  of 
interfacial  wave  is  provided  to  assist  the  development  and 
testing  of  simulation  the  flow  through  the  application  of 
computational  fluid  dynamics  (CFD)  models. 

Interfacial  waves  in  the  mould  are  generated  as  a  result  of  the 
interaction  between  the  transient  motion  of  the  upper  pair  of 
vortices  and  the  steel  meniscus  and  in  the  worst  case,  in  terms 
of  steel  production,  lead  to  slag  entrainment.  The  classical 
theoretical  study  of  rising  vortices  in  potential  flow  was 
performed  by  Lamb  (1932),  who  calculated  the  paths  and  the 
speed  of  vortices  approaching  a  solid  flat  lid.  Numerical 
potential  flow  solutions  for  two  counter-rotating  vortices 
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approaching  the  free  surface  illustrated  that  vortices  with  large 
circulation  elevate  the  mean  free  surface  level.  By  the  time  the 
vortices  turn  to  move  outward,  away  from  the  vertical  plane  of 
symmetry,  rather  than  upward,  the  high  surface  curvature 
suggested  that  so-called  ‘surface  breaking’  was  impending 
(Telste  1989).  A  viscous  solution  was  provided  by  Ohring  and 
Lugt  (1991)  who  presented  the  decay  of  the  primary  vortices 
and  the  generation  of  surface  vorticity  as  well  as  secondary 
vortices.  The  introduction  of  surface  tension  tends  to  flatten  the 
surface  curvature.  At  low  Froude  number1  the  free  surface  acts 
as  a  stiff  wall  whereas  the  surface  can  be  easily  deformed  at 
high  Froude  number.  In  a  combination  of  theoretical  and 
experimental  studies,  cylinders  were  circulated  at  a  fixed 
distance  below  the  surface  by  Jeong  and  Moffat  (1992)  in 
contrast  to  vortices  approaching  the  free  surface.  After 
exceeding  a  critical  angular  velocity,  £2C,  of  the  cylinders,  the 
free  surface  dips  downwards  and  forms  a  standing  wave,  a  so- 
called  ‘cusp’  or  ‘scar’,  where  surface  tension  has  been  taken 
into  account  but  gravity  has  been  neglected.  It  is  believed,  based 
on  studies  which  investigated  the  interaction  of  vortices  with  a 
free  surface,  that  globules  of  a  layer  floating  on  the  surface  can 
be  stripped  from  such  a  cusp  (scar)  into  the  area  of  low  pressure 
of  the  lower  liquid  due  to  streamline  compression  at  the  trough 
of  tne  standing  wave. 

Despite  the  importance  of  knowing  interfacial  behaviour  under 
the  influence  of  the  transient  motion  of  vortices  to  various 
industrial  applications,  such  as  the  continuous  casting  process, 
relatively  little  effort  has  been  made  to  quantify  internal  waves 
or  to  characterise  the  propensity  of  entrainment  of  the  floating 
layer  into  the  lower  layer.  Critical  conditions  and  the 
mechanism  of  the  removal  of  droplets  from  a  liquid  surface  by  a 
parallel  air  flow  resulting  from  a  Kelvin-Helmholtz  instability 
were  studied  by  Woodmansee  and  Hanratty  (1969).  The 
purpose  of  this  work  is  to  quantify  and  thus  to  improve  the 
understanding  and  description  of  internal  waves  in  a  stratified 
shear  flow  between  two  immiscible  layers  under  the  influence 
of  transient  vortices  and  to  identify  a  critical  criterion  above 
which  entrainment  takes  place  by  physical  modelling. 

The  flow  configuration  and  experimental  techniques  are 
described  in  the  following  section.  The  results  are  then 
presented  and  discussed,  and  the  conclusions  are  given  in  the 
closing  section. 

FLOW  CONFIGURATION  AND  EXPERIMENTAL 
TECHNIQUES 

Flow  Configuration 

It  has  become  common  practice  to  use  water  to  simulate  the 
molten  steel  flow  since  the  kinematic  viscosities.  V,  of  water  and 
molten  steel  are  similar.  A  layer  of  olive  oil  of  2  cm  thickness 
was  employed  as  a  slag  simulant  as  it  is  immiscible  with  and 
lighter  than  water,  easy  to  procure,  easy  to  dispose,  and  causes 
no  damage  to  the  Perspex  mould  model.  This  led  to  a  density 
ratio  of  Pshg/Psicd  =  0.92  in  comparison  with  0.43  in  the  real 
plant  thus,  due  to  the  greater  ratio,  permitting  waves  with  higher 
amplitudes  at  the  interface  to  be  generated.  The  present  quarter 
scale  configuration  was  based  upon  the  dimensions  of  existing 
physical  moulds  at  British  Steel  pic  in  order  to  aid  comparisons 
and  the  interpretation  of  gained  data.  A  schematic  of  the 


'the  Froude  number  was  defined  as  the  ratio  between  the  translational 
velocity  of  the  vortex  pair  and  the  square  root  of  the  product  between 
gravity  and  the  distance  between  the  vortex  centres. 


experimental  arrangement  is  shown  in  Figure  1.  Water  was 
circulated,  driven  by  a  centrifugal  pump,  between  the  storage 
sump,  where  a  cooling  circuit  was  incorporated  to  maintain 
constant  water  temperature,  and  the  transparent  Perspex  model 
of  the  mould,  thus  allowing  optical  access.  It  was  457  mm  in 
width,  L,  had  a  depth,  W,  of  59  mm,  i.e.  normal  to  the  plane  of 
the  paper,  and  a  height,  H,  of  686  mm.  In  order  to  promote  a 
uniform  outflow  at  the  bottom  of  the  test  section,  a  stainless 
steel  baffle  plate  with  427  holes  of  diameter  5  mm  was  installed, 
with  the  holes  distributed  uniformly  (7  by  61)  across  the  cross- 
section.  The  flow  of  steel  was  simulated  by  injecting  water 
through  a  Perspex  model  of  a  submerged  bifurcated  entry 
nozzle  (SEN),  seen  in  Figure  3,  into  the  mould.  The  fluid  inlet, 
marked  as  station  A  in  Figures  1  and  3,  was  about  80  inner 
diameters,  D  =  19.5  mm,  above  the  stainless  steel  feed  pipe  of 
the  bifurcated  nozzle  to  assure  a  fully  developed  flow  just 
upstream  of  the  bifurcated  nozzle  to  assist  future  numerical 
simulation  of  the  flow  using  CFD.  At  the  same  time,  station  A 
depicts  the  exit  of  the  contraction  of  the  honeycomb  which  was 
installed  to  ensure  a  swirl  free  flow  approaching  the  SEN.  The 
honeycomb,  with  hexagonal  cells  of  nominal  passage  diameter 
of  6  mm  and  a  length  of  85  mm,  was  installed  in  order  to 
remove  any  swirling  component  of  velocity.  The  two  outlet 
ports  of  the  nozzle  were  identical  within  manufacturing 
tolerance  and  180  degrees  apart,  drilled  with  a  circular  cross- 
section  of  17.5  mm  diameter.  The  ports’  axes  were  inclined  at 
20  degrees  below  the  horizontal  and  the  immersion  depth  (ID) 
of  the  nozzle  was  defined  as  the  distance  from  the  meniscus  to 
the  top  of  the  nozzle  port.  The  casting  rate  was  simulated  by 
varying  the  water  flow  rate  by  controlling  the  volume  flow  rate 
through  the  flowmeter  in  the  supply  pipe.  The  two  exit  pipes, 
connecting  the  mould  with  the  storage  tank,  were  equipped  with 
one  flowmeter  each  and  the  flows  were  adjusted  to  be  the  same 
in  each.  To  accomplish  steady  flow  conditions,  the  entire 
system  had  to  be  free  of  air  bubbles,  which  was  achieved  by 
using  a  running  time  of  1.5  hours  before  starting  measurements. 

In  a  typical  steel  production  plant  the  bulk  velocity  in  the  feed 
pipe,  vh,pjpe  is  ranging  from  0.9  to  1.56  m/s  and  velocity  scaling 
was  used  to  provide  similarity  between  a  real  configuration  and 
the  constructed  tank:  in  other  words,  the  same  casting  speed  was 
used  where  the  casting  speed  is  here  defined  as  the  volume  flow 
rate  of  water  through  the  mould  divided  by  the  cross-sectional 
area  of  the  caster,  namely  59  *  457  mm2.  This  constitutes  a 
compromise  between  Reynolds  number  similarity  and  Froude 
number  similarity  for  surface  phenomena.  The  range  of  jet 
Reynolds  numbers  leaving  each  port  was  between  42000  and 
70000  in  the  real  plant,  and  consequently  10500  and  17500  in 
the  quarter  scale  model  where  the  port  cross-section  diameter 
represents  the  characteristic  length.  This  corresponds  to  a  range 
of  volume  flow  rates,  Q,  in  the  feed  pipe  of  the  model  of  16  to 
28  1/min  where  the  lower  value  is  at  the  limit  of  a  Reynolds 
number  independent  flow.  The  Froude  number  was  defined  as 
follows: 

Fr=  (1) 

JO-—  )gL 
V  P;,"l 

which  results  in  a  range  from  0.28  to  0.49  in  the  real  plant  and 
from  1.50  to  2.60  in  the  mould  model.  The  immersion  depth 
(ID)  of  the  submerged  entry  nozzle  was  varied  for  the  model 
between  50,  100,  and  150  mm  following  values  which  represent 
appropriate  values  of  the  real  plant  and  which  also  ensured  the 
required  bulk  velocity  range  in  the  feed  pipe  without  causing 
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permanent  entrainment  of  the  floating  olive  oil  layer  into  the 
water  flow. 

Measurement  Techniques  and  Uncertainties 

The  entire  flow  facility  was  enclosed  in  a  dark  room  and  a  500 
W  lamp  was  positioned  below  the  Perspex  tank  to  illuminate  the 
flow.  The  interfaces  between  air/olive  oil  and  olive  oil/ water 
were  visualised  as  bright  lines,  i.e.  as  intensity  maxima  in 
brightness,  and  recorded  on  a  video  tape  by  a  charge  coupled 
device  (CCD)  camera  (JVC  -  GR  323)  at  a  rate  of  25  frames  per 
second  which  was  located  perpendicular  to  the  transparent  test 
section.  The  S-VHS  video  tape  recorder  (Panasonic  AG  -  7350) 
was  equipped  with  an  RS  -  232C  interface  board  to  enable  off¬ 
line  control  via  personal  computer  where  an  eight  bit  black  and 
white  image  grabber  (Matrox  IP  -  8)  with  on-board  memory 
buffers  (2x1024x1024  pixels)  was  built  in.  In  the  interface 
board  a  time  code  generator/reader  (AG  -  IA232TC)  was 
incorporated  and  the  time  code  information  was  embedded  in 
one  of  the  available  audio  tracks  of  the  video  tape.  Thus,  in 
principle,  any  particular  frame  could  be  retrieved  and  converted 
into  256  (2s)  shades  of  grey,  representing  a  brightness 
resolution,  by  means  of  the  eight  bit  A/D  converter  of  the 
installed  image  grabber.  Images,  typically  with  a  resolution  of 
768x512  pixels,  were  then  stored  onto  the  hard  disk  of  the 
computer  and  the  interfaces  air/olive  oil  and  olive  oil/water  of 
each  frame  could  be  detected  using  the  intensity  maxima. 
Subsequently,  the  number  of  pixels  depicting  the  olive  oil  layer 
across  the  test  section  could  be  converted  into  interfacial  wave 
heights  where  one  pixel  corresponded  to  0.6  mm  in  the  sub¬ 
scale  model.  In  order  to  determine  mean  and  rms  interfacial 
wave  heights  typically  a  number  of  1000  arbitrarily  sampled 
(over  a  duration  of  25  minutes  of  the  recorded  video  tape) 
frames  was  considered. 

The  dual-beam  laser-Doppler  anemometer  operated  in  forward 
scatter  and  made  use  of  a  30  mW  He-Ne  laser  at  a  wavelength 
of  632.8  nm,  a  diffraction  grating  and  associated  optics,  and  a 
custom-built  frequency  counter  for  the  processing  of  the 
Doppler  signals.  Thus,  horizontal  (u)  mean  and  rms  velocity 
components,  called  wave  pushing  velocities,  were  measured  at  a 
position  x/(L/2)  =  -  0.72  and  at  a  distance  of  about  y/(L/2)  = 
0.02  below  the  calm  meniscus  according  to  the  investigated 
immersion  depth  of  the  submerged  entry  nozzle,  as  indicated  in 
Figure  2.  Thus,  the  x-co-ordinate  was  constant  for  the 
investigated  flow  configurations  and  it  was  ensured  that  velocity 
measurements  were  taken  just  upstream  of  the  internal  scar  as 
suggested  by  Woodmansee  and  Hanratty  (1969)  to  identify  a 
critical  condition  above  which  entrainment  might  occur. 

The  synchronisation  of  interfacial  wave  height  measurements 
and  the  determination  of  the  associated  wave  pushing  velocity 
was  realised  by  means  of  a  bar-code  number,  seen  in  Figure  2, 
which  was  superimposed  on  the  right  top  side  of  each  video 
field,  Sakakibara  et  al.  (1993),  and  the  embedded  time  code  on 
the  video  tape.  The  laser  beam  was  switched  on  at  an  arbitrary 
time  whilst  the  CCD  camera  was  recording  the  interfacial  flow 
pattern  of  the  considered  flow  configuration  and  to  identify  the 
frame  in  which  the  laser  beam  became  visible  for  the  first  time, 
and  thus  indicating  the  start  of  collection  of  time  dependent 
laser-Doppler  velocity  measurements  and  the  reference  time 
zero,  the  bar-code  number  used.  Subsequently,  consecutive 
frames  were  transferred  to  the  hard  disk  for  postprocessing  as 
described  above.  The  velocity  measurements  were  sorted  into 
temporal  bins  with  duration  of  1/25  s,  and  hence  each  frame 
could  be  related  to  the  corresponding  velocity  bin. 


The  instrumentation  and  experimental  technique  are  described 
in  more  detail  by  Keicher  (1997),  together  with  estimates  of 
uncertainties  of  the  measured  quantities.  In  brief,  the  errors  in 
determining  interfacial  wave  heights  are  of  the  order  of  6  %  of 
the  actual  value.  These  uncertainties  stem  in  the  first  place  from 
the  inaccuracy  in  detecting  the  interfaces  which  had  various 
sources.  One  of  the  main  sources  was  the  location  of  the 
interface  air/olive  oil  which  could  be  determined  within  an 
accuracy  of  ±  1  pixel  as  it  was  represented  by  a  wide,  say  about 
3  pixels,  bright  line  across  the  tank.  Another  source  was  owing 
to  the  depth  of  the  tank,  i.e.  normal  to  the  plane  of  the  paper, 
because  the  interfacial  waves  observed  were  three  dimensional 
with  a  maximum  effect  for  the  highest  casting  speed.  However, 
in  obtaining  the  wave  heights,  only  the  two  dimensional 
projection  of  the  interface  was  considered.  Uncertainties  in 
measuring  velocities  were  estimated  to  be  less  than  3  %  of  the 
bulk  velocity  and  the  inaccuracy  in  synchronising  both 
techniques  amounted  to  about  1/25  s. 

RESULTS  AND  DISCUSSION 

The  interfacial  characteristics  as  a  function  of  casting  speed 
and  immersion  depth  of  the  SEN  are  shown  in  Figures  4  -  9  and 
are  a  representative  sample  of  the  measurements  obtained.  The 
propensity  of  olive  oil  entrainment  is  revealed  in  Figure  10  and 
was  defined  as  the  stripping  away  of  an  olive  oil  globule  into 
the  water  flow,  established  during  observation  of  the  recorded 
video.  Detailed  results  including  flow  visualisation  and  velocity 
characteristics  of  the  flow  pattern  in  mould  are  available  in  the 
report  by  Keicher  (1997). 

The  velocity  measurements,  although  not  presented  here, 
revealed  a  asymmetry  of  less  than  6  %  in  the  velocity  profiles, 
for  both  horizontal  and  vertical  (u,  v)  components,  measured  to 
the  left  and  to  the  right  of  the  nozzle  ports’  exit  plane.  A 
discrete  frequency  of  fluctuating  (u,  v)  velocities  of  about  0.1 
Hz  was  detected  and,  from  the  recorded  video  of  the  flow 
pattern,  entrainment  occurred  at  positions  where  the  highest 
mean  velocities  as  well  as  the  highest  mean  velocity  gradients  in 
horizontal  (u)  direction  were  measured  which  was  about  half 
way  between  the  narrow  wall  and  the  feed  pipe  of  the  nozzle. 
Flow  reversal  in  horizontal  direction  behind  a  free  surface 
depression  was  perceptible  by  means  of  flow  visualisation  as 
well  as  laser-Doppler  anemometry,  which  indicates  the 
generation  of  counter  rotating  vortices  drawing  the  scar  between 
them  and  eventually  promoting  entrainment  as  confirmed  by 
means  of  evaluating  the  recorded  video  tape. 

In  Figure  2,  a  video  frame  with  a  typical  olive  oil/water 
interface  wave  pattern  can  be  seen  together  with  the  flat 
air/olive  oil  interface.  Note  that  the  latter  interface  was  always 
flat.  For  the  description  of  interfacial  wave  heights,  the  origin  of 
the  xy-co-ordinate  system  was  situated  on  the  symmetry  plane 
of  the  mould  at  the  calm  meniscus,  seen  in  Figure  2.  The 
unsteady  distance  between  the  air/olive  oil  and  olive  oil/water 
interfaces  was  defined  as  the  instantaneous  wave  height,  H,  and 
to  acquire  the  relative,  i.  e.  with  respect  to  the  calm  meniscus, 
wave  height,  h,  the  thickness  of  the  olive  oil  layer  was 
subtracted.  Measurements  were  taken  at  ten  equidistant 
positions  across  the  tank,  every  3.75  cm,  starting  at  ±  4.7  cm 
with  respect  to  the  symmetry  axis,  and  shall  be  referred  to 
below  as  Pos  -5  to  Pos  5.  For  the  presented  results,  distances 
were  normalised  by  half  of  the  mould  width,  L/2,  and  wave 
heights  by  the  velocity  height,  v2Kpipc/2g. 
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In  Figure  4  the  normalised  mean  wave  heights  are  shown  as  a 
function  of  casting  speed  for  an  immersion  depth  of  the 
submerged  entry  nozzle  of  50  mm.  The  feed  pipe  as  well  as  the 
above  designation  for  the  positions  of  measurement  are  also 
illustrated.  The  graphs  are  close  to  symmetric  about  the  y-axis. 
Large  mean  wave  heights  occurred  close  to  the  narrow  walls 
(x/(L/2)  =  ±  1)  and  the  minimum  was  found  at  a  position  of 
about  mid  way  between  the  narrow  wall  and  the  feed  pipe  on 
either  side  of  the  nozzle.  An  increase  of  the  casting  speed  led  to 
a  decrease  in  the  magnitude  of  normalised  mean  wave  heights 
by  about  0.3.  Figure  5  shows  the  corresponding  rms  values  and 
depicts  a  peak  for  each  casting  speed  on  either  side  of  the 
nozzle  at  the  location  Pos  -2  and  Pos  2,  respectively.  The 
magnitude  of  normalised  wave  height  fluctuations  also 
decreased  by  about  0.2  with  increasing  casting  speed.  Figures  6 
to  9  complement  the  above  findings  and  in  addition  illustrate 
the  influence  of  the  immersion  depth  (ID)  of  the  nozzle  on  the 
interfacial  characteristics  for  two  representative  casting  speeds, 
16  1/min  and  24  1/min,  which  correspond  to  bulk  velocities  in 
the  feed  pipe  of  vb  plpc  =  0.9  and  1.34  m/s,  respectively.  As 
expected,  the  smaller  the  immersion  depth  the  greater  the 
magnitude  of  normalised  mean  wave  heights,  say  by  about  0.15, 
where  for  ID  =  100  mm  the  minimum  occurred  closer  to  the 
feed  pipe  of  the  nozzle  than  for  the  other  two  presented 
immersion  depths.  For  both  casting  speeds  considered,  the 
corresponding  normalised  rms  profiles  show  the  highest  values 
for  an  immersion  depth  of  ID  =  100  mm  and  decrease  by  about 
0.1  as  the  immersion  depth  increased.  With  increasing  casting 
speed,  the  influence  of  the  immersion  depth  decreases  by  about 
0. 1  in  mean  as  well  as  in  rms  wave  heights. 

As  mentioned  above,  waves  may  become  sufficiently  strong  to 
result  in  the  intermittent  entrainment  of  the  olive  oil  into  the 
water  and  a  critical  criterion  above  which  entrainment  will 
occur  shall  be  quantified.  One  dimensionless  group  which 
yields  such  a  criterion  in  an  appropriate  way  seems  to  be  the 
Weber  number,  as  proposed  by  Woodmansee  and  Hanratty 
(1969)  for  the  mechanism  of  droplet  atomisation  for  a  parallel 
air  and  liquid  flow.  In  this  work  the  propagational  speed  of  the 
wave  was  supposed  to  be  zero  which  yields  a  standing  wave. 
The  Weber  number  represents  the  ratio  between  inertia  and 
surface  tension  force  and  can  then  be  written  as  follows: 

=  ^  (2) 
o 

where  p  denotes  the  density  of  olive  oil  (918  kg/m3),  us  stands 
for  the  wave  pushing  velocity  in  horizontal  (x)  direction,  as 
marked  in  Figure  2  just  upstream  of  the  internal  scar,  and  a  is 
the  surface  tension  between  olive  oil  and  water  (0.02  N/m).  The 
instantaneous  relative  wave  height,  h,  as  well  as  the 
corresponding  simultaneously  measured  instantaneous  wave 
pushing  velocity,  us,  were  determined  as  described  above  where 
the  normalised  mean  wave  pushing  velocity,  i.  e.  divided  by  the 
corresponding  vh  pipc,  was  about  0.08.  The  calculated 
instantaneous  relative  wave  height  at  Pos  -3  was  considered  to 
be  appropriate  to  acquire  the  Weber  number,  because  it  was  the 
position  where  the  lowest  wave  heights  occurred  and  where 
entrainment  was  observed  to  happen.  Figure  10  presents  the 
number  of  entrainment  events  for  an  observation  period  of  90 
seconds  of  the  recorded  video  against  the  instantaneous  We 
number  for  the  12  different  flow  configurations  considered  in 


this  work.  When  no  entrainment  was  observed  the  highest  value 
of  the  We  number  for  the  particular  flow  configuration  is  shown 
in  the  graph;  when  an  entrainment  event  was  identified  by 
observing  the  video,  the  corresponding  frame  and  thus  the 
corresponding  instantaneous  We  number  could  be  identified 
and  is  plotted.  The  position  of  entrainment  coincided  with  the 
region  of  the  maximum  of  the  corresponding  rms  levels  for 
internal  wave  heights.  Over  the  range  observed,  an  increase  in 
the  casting  speed  had  a  stronger  influence  than  a  decrease  in  the 
immersion  depth  of  the  nozzle  on  the  event  of  entrainment. 
Figure  10  shows  a  tendency  for  entrainment  to  increase  with  We 
and  a  critical  Weber  number.  Wee,  of  about  21  exists  beyond 
which  entrainment  is  expected.  Some  of  the  entrained  globules 
float  up  directly  towards  the  meniscus  due  to  buoyancy,  others 
become  incorporated  into  the  water  flow  and  emulsify. 

The  turbulent  water  flow  in  the  mould,  in  particular  the 
vortices  beneath  the  meniscus,  induces  internal  waves  and  the 
boundary  condition  at  the  interface  that  velocity  is  continuous 
requires  that  the  more  viscous,  here  olive  oil,  must  speed  up  on 
the  disturbed  interface  while  the  less  viscous  layer  must  slow 
down  relative  to  the  undisturbed  shear  of  the  respective  fluids. 
On  the  other  hand,  strong  vortices  beneath  the  interface  olive 
oil/water  elevate  the  meniscus  and  induce  countervortices 
drawing  an  internal  scar  between  them.  The  water  flowing 
below  the  olive  oil  encounters  a  pressure  decrease  at  the  scar 
(trough)  due  to  the  contraction  of  streamlines  and  the 
corresponding  high  velocities  and  their  high  rms  values. 
Inevitably,  a  suction  will  result  which  increases  the  deeper  the 
internal  wave.  The  curved  interface  yields  a  stabilising  pressure 
drop  across  the  meniscus  because  of  surface  tension.  However, 
it  is  believed  that  the  stripping  away  of  olive  oil  globules  ,  i.  e. 
entrainment  of  the  upper  fluid  into  the  lower  layer,  occurs  from 
an  internal  scar  due  to  high  shear  stresses  at  the  interface  and  if 
the  suction  below  the  trough  is  greater  than  the  pressure  drop 
due  to  surface  tension  and  streamline  separation  takes  place. 
Consequently  olive  oil  globules  become  carried  away  into  the 
area  of  low  pressure. 

CONCLUSIONS 

The  continuous  casting  process  was  studied  by  means  of 
quarter-scale  laboratory  experiments  simulating  the  mould. 
Olive  oil  was  employed  as  a  slag  simulant  floating  on  water  and 
multi  point  internal  wave  height  measurements  complemented 
with  simultaneous  wave  pushing  velocity  measurements  were 
quantified  as  a  function  of  casting  speed  and  immersion  depth 
of  the  bifurcated  submerged  entry  nozzle. 

The  graphs  show  that  the  normalised  magnitude  of  internal 
mean  wave  heights  and  their  rms  values  decreased  with 
increasing  casting  speed  and  increasing  immersion  depth  of  the 
submerged  entry  nozzle  by  about  0.2.  At  higher  casting  speed 
the  influence  of  the  immersion  depth  decreased  by  about  0. 1 . 

Entrainment  was  observed  at  the  position  of  minimum  wave 
height  which  coincided  with  the  region  of  the  maximum  of  the 
corresponding  rms  levels  and  the  event  of  entrainment  is  far 
more  sensitive  towards  an  increase  in  the  casting  speed  than 
towards  a  decrease  in  the  immersion  depth  over  the  range 
considered  here.  To  identify  the  propensity  of  entrainment  a 
critical  dimensionless  Weber  number.  Wee,  of  about  21  was 
found,  above  which  entrainment  is  expected.  The  number  is 
based  on  instantaneous  wave  heights  and  associated 
simultaneously  obtained  wave  pushing  horizontal  velocities 
upstream  of  the  trough. 
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FIGURE  1:  SCHEMATIC  OF  THE  FLOW  FACILITY. 


FIGURE  2:  TYPICAL  INTERNAL  WAVE  PATTERN. 


All  dimensions  in  mm 

FIGURE  3:  SCHEMATIC  OF  THE  SUBMERGED  ENTRY 
NOZZLE. 
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FIGURE  4:  NORMALISED  MEAN  WAVE  HEIGHTS  AS  A 
FUNCTION  OF  CASTING  SPEED  (ID  =  50  mm). 
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FIGURE  5:  NORMALISED  RMS  WAVE  HEIGHTS  AS  A  FIGURE  8:  NORMALISED  MEAN  WAVE  HEIGHTS  AS  A 
FUNCTION  OF  CASTING  SPEED  (ID  =  50  mm).  FUNCTION  OF  IMMERSION  DEPTH  (Q  =  24  l/min). 
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FIGURE  6:  NORMALISED  MEAN  WAVE  HEIGHTS  AS  A 
FUNCTION  OF  IMMERSION  DEPTH  (Q  =  16  l/min). 
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FIGURE  9:  NORMALISED  RMS  WAVE  HEIGHTS  AS  A 
FUNCTION  OF  IMMERSION  DEPTH  (Q  =  24  l/min). 
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FIGURE  7:  NORMALISED  RMS  WAVE  HEIGHTS  AS  A 
FUNCTION  OF  IMMERSION  DEPTH  (Q  =  16  l/min). 


FIGURE  10:  NUMBER  OF  ENTRAINMENTS  AGAINST 
WEBER  NUMBER,  We  =  pus2h/c. 
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ABSTRACT 

Jet  pumps  are  used  in  a  great  number  of  engineering 
applications.  However,  no  numerical  method  for  deter¬ 
mining  the  performance  has  been  established  yet.  In  the 
present  study,  focusing  on  turbulence  models,  a  numerical 
method  for  predicting  the  performance  of  an  annular  jet 
pump  is  investigated.  The  flow  fields  are  simulated  by  solv¬ 
ing  Reynolds  and  continuity  equations  with  standard  k  —  e 
and  Reynolds  stress  models  at  different  Reynolds  numbers. 
Performance  parameters  (i.e.  flow  ratio,  head  ratio,  effi¬ 
ciency,  and  pressure  coefficient)  are  computed  using  the 
calculated  flow  fields,  and  compared  with  the  experimen¬ 
tal  data.  It  is  shown  that  a  recirculation  in  the  mixing 
chamber  is  formed  at  relatively  low  Reynolds  number,  and 
that  a  standard  k  —  e  model  always  underestimates  the 
head  ratio  and  the  efficiency  because  of  the  excessive  tur¬ 
bulent  mixing,  whereas  a  standard  Reynolds  stress  model 
can  satisfactorily  predict  them. 

1.  INTRODUCTION 

Jet  pumps  have  been  used  for  a  great  number  of  en¬ 
gineering  applications  in  chemical  plants,  nuclear  power 
stations,  food  industries  and  so  on.  Many  theoretical,  ex¬ 
perimental  and/or  numerical  investigations  have  been  re¬ 
ported,  and  some  handbooks  have  already  been  published 
(for  example,  Karassik,  1976).  It  is  well  known  that  the  ef¬ 
ficiency  of  a  jet  pump  is  generally  low,  because  the  driving 
principle  is  based  on  turbulent  mixing  between  the  high¬ 
speed  jet  and  the  low-speed  suction  fluid.  For  the  purpose 
of  predicting  and  raising  the  efficiency,  Sanger(1970)  and 
Yano  et  al.(1990)  proposed  methods  to  determine  the  ef¬ 
ficiency  theoretically.  However,  their  methods  are  lack  of 
universality,  and  thus  cannot  be  applied  to  different  types 
of  jet  pumps.  On  the  other  hand,  although  it  is  expected 
that  numerical  simulations  play  an  important  role  to  im¬ 
prove  the  efficiency,  no  numerical  method  to  obtain  the 
performance  correctly  has  been  established  yet. 

In  the  present  study,  a  numerical  method  for  predicting 
the  performance  of  an  annular  jet  pump  is  investigated,  fo¬ 


cusing  on  turbulence  models.  The  flow  fields  are  simulated 
by  solving  Reynolds  and  continuity  equations  with  high- 
Reynolds-number  type  k—e  (Launder  and  Spalding,  1974) 
and  Reynolds  stress  (Gibson  and  Launder,  1978)  models 
at  a  wide  variety  of  Reynolds  number  (5.48  ~  7.67  x  10s). 
Performance  parameters  such  as  flow  ratio,  head  ratio,  ef¬ 
ficiency,  and  mean  pressure  coefficient  are  computed  using 
the  calculated  flow  fields  with  each  turbulence  model,  and 
compared  with  the  corresponding  experimental  data.  We 
adopted  the  experiment  for  annular  jet  pumps  measured 
by  Shimizu  et  al.(1985)  due  to  the  abundance  of  data  on 
the  performances.  It  is  shown  that  a  large  recirculation  in 
the  mixing  chamber  is  formed  at  relatively  low  Reynolds 
number,  and  that  a  standard  k  —  e  model  always  under¬ 
estimates  the  head  ratio  and  the  efficiency  because  of  the 
overestimation  of  turbulent  mixing,  whereas  a  Reynolds 
stress  model  can  satisfactorily  predict  them. 

2.  ANNULAR  JET  PUMP 

Jet  pumps  are  commonly  classified  into  three  types  (i.e. 
central,  annular,  and  bend  types)  by  the  geometry.  In  the 
present  study,  an  annular  jet  pump  is  investigated.  This 
pump  uses  a  high-speed  annular  jet  to  entrain  a  low-speed 
flow  from  the  central  pipe.  It  is  well  known  that  an  an¬ 
nular  jet  pump  is  advantageous  for  applications  involving 
hydraulic  transport  of  large  solids  such  as  fish,  capsules, 
whole  potatoes  and  onions,  because  of  the  little  pumping 
damage  to  solids.  An  annular  jet  pump  has  been  experi¬ 
mentally  studied  by  some  researchers  such  as  Shimizu  et 
al. (1985, 1987)  and  Eiger  et  al.(1991).  In  the  present  study, 
we  calculated  the  flow  fields  in  the  annular  jet  pump  in¬ 
vestigated  by  Shimizu  et  al.(1985).  They  measured  the 
performances  under  various  conditions  without  solid  par¬ 
ticles. 

Fig.l  shows  the  schematic  of  an  annular  jet  pump.  The 
definitions  and  the  dimensions  for  the  symbols  are  listed 
in  Table  1.  Fig. 2  shows  the  computational  domain  and  the 
cylindrical  coordinate  system  used  in  this  study.  The  inlet 
boundaries  of  the  driving  jet  and  the  suction  flow  (”BJ” 
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3.  NUMERICAL  PROCEDURES 


and  ”BS”  in  Fig. 2)  were  set  Do  upstream  from  the  suction 
exit  (”SE”).  Therefore,  the  length  of  the  computed  region 
is  Do  4-  L.  And  we  refer  to  the  nozzle  and  throat  section 
shaded  in  the  figure  as  "Mixing  Chamber”. 


3.1  Governing  Equations 

We  assumed  that  the  flow  field  in  the  jet  pump  is  in¬ 
compressible  and  fully  turbulent.  Therefore,  the  govern¬ 
ing  equations  are  expressed  in  a  tensorial  form  by  following 
equations. 

[Continuity  Equation] 


where  U{  stands  for  mean  velocity  component,  and  is 
Cartesian  coordinate. 

[Reynolds  Equation] 


Fig.l  Schematic  of  Annular  Jet  Pump 


dUi  dUi  1  dP  t  d  (  dUi  _ \ 

~dt  +  U]dT3  =  ~p dT. +  "  Ul“V 


(2) 


Table  1  Definitions  and  Dimensions  of  Symbols 


Symbol 

Definition 

Dimension 

On 

Diameter  of  driving 

flow  pipe 

55.0  [mm] 

D , 

Diameter  of  suction 

flow  pipe 

43.0  [mm] 

O' 

Diameter  of  throat 

38.0  [mm] 

Length  of  nozzle 

31.7  [mm] 

_ 

Length  of  throat 

102.3  (mm] 

L 

Total  length 

429.0  [mml 

\v 

Annular  height  of 

driving  jet 

4.0  [mm] 

a 

Convergent  angle  of 

nozzle 

30.0  [deg] 

P 

Divergent  angle  of 

diffuser 

5.8  [deg] 

H, 

Head  of  suction  flow 

1.00  fm] 

H, 

Head  of  exit  flow 

1.48  fm] 

where  1  denotes  time,  p  density,  P  mean  pressure,  and  uiuj 
Reynolds  stress.  Reynolds  stress  uilZJ  is  calculated  using 
any  turbulence  model.  In  the  present  study,  standard  high- 
Reynolds-number  type  k  —  e  and  Reynolds  stress  models 
were  adopted.  They  are  expressed  as  follows. 

[fc  —  £  Model  (Launder  and  Spalding,  1974)] 


C„  =  0.09,  <jk  =  1.0,  <r,  =  1.3,  £7,i  =  1.44, 


£7,2  =  1.92  (8) 

where  k  is  turbulent  kinetic  energy,  £  its  dissipation  rate, 
eddy  viscosity,  and  Pk  production  rate  of  turbulent  kinetic 
energy  k. 


Fig. 2  Computational  Domain  and  Coordinate  System 


[Reynolds  Stress  Model  (Gibson  and  Launder,  1978)] 

Si  +  t,*E  = 

dt  dxm 


,  d  (  _ k  duiUj  \  2  c 

+  dxZ  -  r11’ 


^  +  =  c„jpk 

dt  (j  x  ui  fc 


(9) 


OXm 

(C'^rfr)-C“T 

(10) 

dUj 

du. 

(ii) 

-11,11*:- - 

dxk 

-UjUkdTk 
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$0  -  $;>(!)  +  $tj(2)  +  $vJ(l)  +  $0(2) 

40(  1)  =  -Cl  |  (uitij—  J^u) 

$>>(2)  =  _C2  -  | Pk6i}j 

^■J(i)  =  Cj'  ~  (ukumriknrn&l} 

3 _  3 _  \ 

-  -u*u,n*n j  -  -ukUjTikiii  jfw 

$0(2)  =  C'i  ^fcm(2)U*nm^j 

3  3  \ 

-  2$'*(2)n*nJ  -  2$j*(2)»*"iJ/u. 

klb 

'-ab 

Cl  =  1.8,  C2  =  0.6,  c;  =  0.5,  Cj  =  0.3, 

C,  =0.22,C«  =  0.18,  C'i  =  1.44,  Ct2  =  1.92, 
Ci  =  2.5 


(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 


where  Pij  means  production  rate  of  each  Reynolds  stress 
component,  $o  redistribution  of  Reynolds  stresses,  and  xi 
normal  distance  from  a  wall. 


3.2  Numerical  Method 

MAC  method  was  adopted  in  this  study.  Although  a 
staggered  grid  system  is  generally  used  in  MAC  method, 
we  employed  a  regular  grid  system  because  of  the  easy  uti¬ 
lization  in  a  generalized  coordinate  system.  Forward  Euler 
scheme  was  applied  to  all  temporal  terms,  3rd  order  up¬ 
wind  scheme  (Kawamura  and  Kuwahara,  1985)  to  convec- 


Table  2  Reynolds  Numbers  and  Maximum  Jet  Velocities 


R ,  Number  f  X  105| 

[m/s| 

5.48 

10.0 

6.03 

1 1.0 

6.58 

12.0 

7.12 

13.0 

7.67 

14.0 

tive  terms,  and  2nd  order  central  differencing  scheme  to 
remaining  terms. 

In  order  to  simulate  the  performance  of  the  annular  jet 
pump,  five  Reynolds  numbers,  based  on  the  maximum  ve¬ 
locity  of  a  driving  jet  U™ax  and  the  diameter  of  a  driving 
flow  pipe  D0,  were  selected.  Table  2  lists  the  maximum 
velocities  and  Reynolds  numbers  used  in  this  study.  Since 
we  used  two  turbulence  models,  10  cases  were  computed. 

After  checking  the  grid  independence  of  the  solutions, 
we  decided  to  employ  148  grid  points  in  the  axial  direction 
and  80  in  the  radial  direction,  respectively.  A  large  amount 
of  grid  points  were  clustered  near  the  walls  and  the  inlet 
boundaries. 

Boundary  conditions  are  listed  in  Table  3.  Most  of  them 
are  commonly  utilized  in  the  studies  of  computational  fluid 
dynamics.  Some  special  cases  considered  are  explained  be¬ 
low  (shaded  columns  in  Table  3). 

Inlet  boundary  of  a  driving  jet  (”BJ”  in  Fig.2):  After  cal¬ 
culating  a  fully  developed  turbulent  flow  in  a  coaxial  pipe, 
the  solutions  were  fixed  as  this  boundary  condition. 

Inlet  boundary  of  a  secondary  flow  (”BS”  in  Fig.2):  The 
mean  velocity  profile  was  extrapolated  tom  the  inner  re¬ 
gion.  And  the  mean  pressure  was  given,  using  Bernoulli’s 
law; 

Pa,m  =  \pU*  +  P,  +  pgH,  (19) 

where  subscript  s  denotes  the  inlet  of  the  suction  pipe  and 
all  physical  quantities  are  averaged  over  the  cross  section. 
Atmospheric  pressure  Patm  and  suction  head  H,  were  fixed 
in  all  computations. 

Exit  boundary  ("BE”  in  Fig.2):  Similar  to  the  inlet  of  a 
secondary  flow,  the  velocity  profile  was  extrapolated  and 
the  pressure  was  calculated  by  applying  Bernoulli’s  law; 

Pd  =  Patm  +  pgHd  (20) 

where  head  Hd  was  fixed  again. 

Wall  boundaries:  Wall  function  was  employed  along  each 
streamline,  since  high-Reynolds-number  type  turbulence 
models  were  used  in  this  study.  It  should  be  noted  that 
the  shear  component  of  Reynolds  stresses  was  fixed  to  be 
0  on  the  wall  to  suppress  numerical  oscillations. 


Table  3  Boundary  Conditions  used  in  This  Study 


Boundary 

Velocity  (U,  V) 

Pressure  ( P ) 

Turbulent  kinetic 

energy  ( k ) 

Dissipation  rate  (e) 

Reynolds  stresses 
(Normal:  «,//, ,  Shear:  »«. ) 

Inlet  of  driving  flow 
(BJ) 

Fixed  by  computational 
results  for  coaxial  pipe 
flow* 

dP/dx  =  0 

Fixed  by  computational 
results  for  coaxial  pipe 
flow* 

Fixed  by  computational  results 
;  for  coaxial  pipe  flow* 

gjpUHi 

dU/dx  =  dV/dx  =  0 

dk/dx  =  dz/ dx  =  0 

o 

R 

dlijtlj  dx  -  0 

m*r~m 

dU/dx  =  dV/dx  =  0 

Fixed  by  Eq.(20)* 

d  k!  dx  =  dz/dx  =  0 

O 

1 

dll,  ll  jdx  -  0 

Wall 

U  =  V  =  0 

dP/dn  =  0 

dk/dll  =  dz/dn  =  0 

Axis 

dU/dr  =  0,  K  =  0 

dPIdr  =  0 

dk/dr  =  dz/dr  =  0 
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3.3  Performance  Parameters 

To  estimate  the  performance  of  a  jet  pump,  mass  flow 
ratio  M,  head  ratio  N,  efficiency  rj  and  mean  pressure  co¬ 
efficient  Cpwere  calculated,  using  the  converged  solutions 
for  the  flow  fields.  These  parameters  can  be  expressed  by 
following  equations; 

"  =  |  (2D 

N  =  j K,<  ~  Wd/2g  +  Pd/pg  -  U?/2g  -  Pa/pg 

U]l2g  +  Pj/pg  -  (Kk  -  Kp)Uj/2g  -  Pd/pg  [“J 
v  =  MN 

P/pg  -  P,/pg 


Cp  = 


Uf/2g 


(23) 

(24) 


where  Q  stands  for  mass  flow  rate,  U  mean  axial  veloc- 
ity,  P  mean  pressure  over  the  cross  section,  and  subcripts 
j,  s,  d  denote  driving  jet,  suction  flow  and  exit  flow,  respec¬ 
tively.  Kk  and  Kp  are  mean  correction  factors  for  kinetic 
energy  and  pressure  energy.  They  are  obtained  by  the  next 
equations; 


{p/2)  2ir(U2  +  W2)U rdr 

U<  (p/2)U2(Qj  +  Qt) 

K  _/or“2^/;"(^2A)^r 

P  (p/m2AQ:+Q>) 


(25) 

(26) 


where  U  is  mean  axial  velocity  component  and  W  mean 
circumferential  velocity  one,  r  radial  distance  from  the 
pump  axis  (see  Fig. 2). 

It  should  be  noted  that  mean  values  such  as  Uj,  Qa,  P, 
and  so  forth  were  estimated  by  approximating. the  discrete 
data  on  the  grid  points  with  2nd  order  interpolation  and 
then  integrating  them. 

4.  RESULTS  AND  DISCUSSION 

4.1  Flow  Field  in  Mixing  Chamber 

Fig.3  shows  the  mean  velocity  in  the  axial  direction  and 
the  turbulent  kinetic  energy  profiles  in  the  mixing  cham¬ 
ber  at  different  Reynolds  numbers.  It  is  found  that  a  large 
recirculation  is  formed,  when  Reynolds  number  is  small 


Fig.3  Numerical  Results  of  Mean  Axial  Velocity  and  Turbulent  Kinetic  Energy  Profiles 
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(consequently,  mass  flow  ratio  is  low),  and  it  disappears  as 
Reynolds  number  increases.  Although  this  trend  can  be 
reproduced  by  a  k  —  e  model  and  a  Reynolds  stress  model 
(refered  to  "RSM”  in  the  figures),  the  recirculation  pre¬ 
dicted  by  a  k  —  e  model  is  stronger  than  that  by  a  Reynolds 
stress  model.  In  addition,  it  is  clear  that  the  turbulent  ki¬ 
netic  energy  within  the  throat  region  calculated  by  a  k  —  e 
model  is  larger  than  that  by  a  Reynolds  stress  model.  This 
is  probably  caused  by  the  overprediction  of  eddy  viscosity 
and  thus  excessive  production  of  turbulence.  This  point 
will  be  described  later. 

4.2  Prediction  of  Performances 
The  performance  parameters  estimated  from  each  con¬ 
verged  solution  (Fig. 3)  are  depicted  and  discussed  in  this 
section. 

Fig.4  plots  the  mass  flow  ratio  M  for  various  Reynolds 
numbers.  It  is  apparent  that  mass  flow  ratio  increases 
with  the  increase  of  Reynolds  number.  This  trend  is  re¬ 
produced  by  both  models,  but  mass  flow  ratios  estimated 
by  a  Reynolds  stress  model  are  always  about  1.2  times 
higher  than  those  by  a  k  —  e  model.  This  fact  reflects  that 
the  mass  flow  rate  entrained  from  the  suction  pipe  is  small 
in  the  computations  with  a  k  —  e  model. 

Fig-5  depicts  the  head  ratio  N  for  mass  flow  ratio  M . 
The  numerical  results  are  also  compared  with  the  cor- 
repsonding  experimental  data.  It  is  easily  found  that  a 
Reynolds  stress  model  can  predict  head  ratio  more  reason¬ 
ably,  especially  at  relatively  high  Reynolds  number. 

Fig.6  shows  the  efficiency  t)  for  mass  flow  ratio  M.  The 
predicted  data  are  compared  with  experiments  again.  We 
can  see  that  the  efficiency  obtained  by  a  Reynolds  stress 
model  is  good  agreement  with  the  experimental  data  over 
a  whole  range  of  the  calculated  mass  flow  ratio.  And  it 
is  clear  that  the  efficiency  calculated  by  a  it  —  e  model  is 
always  underpredicted,  especially  at  high  mass  flow  ratio. 

These  results  suggest  that  a  Reynolds  stress  model  is 
more  suitable  than  a.  k  —  e  model  to  calculate  the  flow  field 
and  the  performance  of  annular  jet  pumps. 

4.3  Cause  of  Discrepancies 

In  this  section,  we  consider  the  reason  why  the  difference 
described  above  occurs. 

Fig- ^  depicts  the  separating  streamlines  and  the  mean 
pressure  coefficient  predicted  by  each  model  at  Reynolds 
number  of  6.58  x  10s.  Separating  streamline  is  defined  as 
the  streamline  passing  through  the  upper  lip  of  the  inner 
pipe  (closed  star  symbol  in  Fig.7).  From  this  figure,  it  is 
seen  that,  comparing  the  results  by  two  models,  the  sep¬ 
arating  streamline  calculated  by  a  k-  e  model  penetrates 
more  deeply  in  the  mixing  chamber,  and  the  mean  pres¬ 
sure  coefficient  (i.e.  mean  pressure)  obtained  by  a  k  —  e 
model  is  higher  than  that  by  a  Reynolds  stress  model,  and 
recovers  more  quickly.  This  suggests  that  a  k  -  e  model 
overestimates  eddy  viscosity,  and  thus  excessive  turbulent 
mixing  takes  place  in  the  mixing  chamber.  On  the  con¬ 
trary,  the  pressure  calculated  by  a  Reynolds  stress  model 
is  kept  to  be  low,  and  this  low  pressure  contributes  the 
large  mass  flow  rate  entrained  from  the  suction  pipe  and 
the  higher  efficiency.  This  tendency  also  suggests  that  to 


Fig.4  Predicted  Mass  Flow  Ratio  for  Reynolds  Number 


Fig. 5  Relation  between  Mass  Flow  Ratio  and  Head  Ratio 


Fig.6  Relation  between  Mass  Flow  Ratio  and  Efficiency 
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keep  low  pressure  in  the  mixing  chamber  is  preferable  to 
the  performance  of  an  annular  jet  pump. 

Fig. 8  plots  the  height  of  separating  streamlines  Hb  at 
different  Reynolds  numbers.  As  shown  in  Fig. 7,  the  height 
of  a  separating  streamline  is  defined  as  the  distance  be¬ 
tween  the  pump  axis  and  the  separating  streamline  at  the 
exit  of  the  nozzle  section.  It  is  found  that  a  k  —  e  model 
underestimates  the  height  all  over  the  Reynolds  number 
calculated.  Therefore,  it  is  apparent  that  the  excessive 
turbulent  mixing  is  always  resulted  in  by  a  k  —  e  model. 
Moreover,  we  can  see  that  at  low  Reynolds  number  a  k  —  e 
model  predicts  the  too  small  height.  This  would  be  caused 
by  the  very  large  recirculation  which  exists  in  the  mixing 
chamber. 

Although  we  did  not  investigate  the  streamline  curva¬ 
ture  effect  in  the  mixing  chamber,  the  excessive  turbulent 
mixing  by  a  k  —  e  model  is  probably  contributed  from  the 
effect.  Further  investigations  on  this  point  will  be  needed. 

5.  SUMMARY 

We  investigated  the  predictability  of  the  performance 
of  an  annular  jet  pump.  The  flow  field  was  computed  by 
standard  high-Reynolds-number  type  k  —  e  and  Reynolds 
stress  turbulence  models,  and  the  performance  parameters 
of  the  jet  pump  was  estimated  with  use  of  the  converged 
solutions.  Comparing  the  results  with  the  experimental 
data,  followings  conclusions  were  obtained. 

(1) At  low  mass  flow  ratio,  a  large  recirculation  is  formed  in 
the  mixing  chamber.  This  recirculation  is  reproduced  by 
both  models  qualitatively.  However,  a  k  —  e  model  tends 
to  predict  a  larger  and  stronger  recirculation. 

(2) A  k  —  e  model  underpredicts  the  mass  flow  ratio,  head 
ratio,  and  efficiency  because  of  the  excessive  turbulent  mix¬ 
ing  in  the  mixing  chamber,  while  a  Reynolds  stress  model 
is  able  to  predict  them  more  reasonably. 

{3)The  numerical  results  suggests  that  to  keep  low  pressure 
in  the  mixing  chamber  is  preferable  to  the  performance  of 
an  annular  jet  pump. 

(4)It  is  still  needed  to  investigate  different  configurations 
and  other  types  of  jet  pumps  in  order  to  establish  a  numer¬ 
ical  method  to  determining  the  performance  of  jet  pumps. 
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ABSTRACT 

In  this  paper,  the  mean  velocity,  turbulence  intensity  and 
temperature  profiles  in  a  different  cross-sections  of  premixed 
acetylene  flame  and  for  different  acetylene-air  ratios  are  given. 
For  velocity  measurements  laser  Doppler  anemometer  was 
used,  while  the  temperature  field  measurements  were  performed 
by  Pt-PtRh  10%  thermocouple.  LDA  measurements  and 
conditional  and  unconditional  statistics  of  the  velocity 
fluctuations  produced  by  combustion  products  and  surrounding 
air,  can  give  more  detailed  data  about  the  character  and 
intensity  of  turbulent  mixing  in  the  flame.  Through  comparative 
analysis  of  the  obtained  mean  velocity  and  temperature  profiles, 
length  and  width  of  a  characteristic  regions  in  the  premixed 
acetylene  flame  and  their  characteristics  properties  were 
established  for  different  fuel-air  ratio.  With  the  increase  of 
acetylene  content  in  mixture,  velocity  and  temperature  fields  are 
considerably  changing. 

INTRODUCTION 

Premixed  acetylene  flames  are  widely  used  in  the  industrial 
processes  such  as  welding,  metal  cutting  etc.  This  has  motivated 
several  experimental  studies  of  such  flames,  Gaydon  and 
Wolfhard  (1960),  Hargave  and  others  (1987),  etc.,  providing 
both  mean  velocity  and  temperature  profiles  together  with  a 
photographic  records  of  the  overall  flame  structure. 
Experimental  investigations  have  been  mostly  performed  with 
the  industrial  burners  using  laser-Doppler  anemometry  for 
velocity  measurements  and  thermocouples  for  temperature 
measurements,  with  the  aim  to  reduce  noise  and  to  increase 
combustion  efficiently.  In  earlier  experiments  MatoviC,  Oka 
and  Durst  (1994),  according  to  the  LDA- velocity  information, 
different  regions  in  the  flow  field  of  the  premixed  acetylene/air 
flame  have  been  established:  the  region  of  the  flame  front  (I), 
the  region  of  constant  flame  width  (II),  the  developing  region 
(III)  and  the  fully  developed  jet  flow  region  (IV),  Fig.  1 .  In  this 
paper,  the  influence  of  different  acetylene/air  ratios  on  the 


length  and  width  of  characteristics  regions  and  characteristic 
properties  of  the  flow  field  is  analyzed.  Intensity  of  turbulent 
mixing  in  different  flame  regions,  was  also  discussed. 


FIG.1.  SCHEMATIC  PICTURE  OF  PREMIXED 
AXISYMMETRIC  FLAME  FLOW  FIELD. 

EXPERIMENTAL  EQUIPMENT  AND  FLOW  CONDITION 

The  experimental  apparatus  in  this  study  has  been  the  same  as 
in  Oka  and  Bakit  (1996).  Uniform  acetylene/air  mixture  with 
different  acetylene/air  volume  flow  ratio,  QK:QV=1:12,  1:9.5, 
1 :7.5,  was  supplied  to  the  burner  with  8mm  inner  diameter. 
At  the  exit  of  the  burner,  fully  developed  turbulent  velocity 
profiles  were  formed.  Velocity  measurements  have  been  carried 
out  using  one-component  laser  Doppler  system  consisting  of  a 
15mW  helium-neon  laser,  a  conventional  transmission  optics 
including  a  beam  splitter  and  a  double  Bragg  cell.  All 
measurements  have  been  carried  out  with  a  frequency  shift  of 
5MHz  with  long  time  stability  of  10e'7  Hz. 

The  premixed  acetylene/air  mixture  and  surrounding  air  were 
seeded  with  A120}  particles  with  mean  diameter  of  2pm.  Using 
the  estimates  given  in  Durst,  Melling  and  Whitelaw  (1976),  it 
can  be  shown  that  2pm  particles  can  follow  the  frequency 
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FIG. 2.  MEAN  VELOCITY  ALONG  THE  FLAME  AXIS  FOR 
CONDITIONAL  SEEDING. 


up  to  3  kHz.  Uncoated  thermocouple  of  Pt-Pt/Rh  1 0%,  with  a 
diameter  of  1 00pm  was  used.  The  thermocouple  was  about  80 
diameters  long  to  minimize  heat  conduction.  Radiation 
correction  was  performed  according  to  Bradley,  Matthews 
(1968)  and  Stroomer  (1995). 

EXPERIMENTAL  RESULTS 

Mixing  in  Different  Regions  of  the  Premixed 
Acetvlene/air  Flame 

Results  of  the  mean  velocity  measurements  along  the  flame 
axis,  for  the  acetylene/air  volume  ratio  1:12  and  for  conditional 
statistics  are  shown  in  Fig.2.  The  axial  velocity  is  normalized 
by  exit  velocity  at  the  jet  axis  U0=17.83m/sec.  Fig.2.  clearly 
shows  characteristic  regions  in  the  premixed  acetylene  flame: 
region  of  flame  front,  region  of  constant  axial  velocity, 
developing  region  and  fully  developed  jet  flow  region. 

The  region  of  flame  front  ends  approximately  3  diameters 
downstream  of  the  burner  exit.  This  region  is  characterized  by 
sharp  increase  in  axial  velocity  followed  by  axial  velocity 
decrease.  Rapid  temperature  increase  caused  by  combustion 
brings  a  stream  flow  relaminarisation  beyond  the  flame  front 
and  a  formation  of  the  constant  velocity  region.  Adiabatic 
temperature  of  the  premixed  acetylene/air  flame  is  about 
2950K.  The  region  of  constant  velocity  ends  8.5  diameters 
downstream  of  the  burner  exit,  where  fluid  originating  from  the 
air  penetrates  to  the  flame  centerline.Measurements  conditioned 
on  the  surrounding  air  could  not  been  carried  out  for  axial 
distances  x/D<8.5.  In  this  region,  fluid  originating  from  the 
surrounding  air  did  not  penetrate  to  the  flame  axis. 

For  axial  distance  x/D=8.5  the  mean  axial  velocity  of  fluid 
originating  from  the  jet  is  considerably  higher  than  the  mean 
axial  velocity  of  fluid  originating  from  the  surrounding  air. 
Large  eddies  of  entrained  cold  air  have  much  higher  density 
and  thus  greater  inertia  than  the  eddies  of  combustion  products. 
The  eddies  in  the  flow  are  continually  breaking  down  into  the 
smaller  eddies,  while  diffusion  is  taking  place,  at  molecular 
level,  at  all  eddy  boundaries.  The  jet  becomes  fully  turbulent  in 
the  region  of  sharply  increasing  turbulence,  while  the  eddies  of. 
surrounding  air  continue  to  be  engulfed  into  flame,  further 


FIG.3.  TURBULENCE  INTENSITY  ALONG  THE  FLAME 
AXIS  FOR  CONDITIONAL  SEEDING. 


reducing  velocity. 

Turbulence  intensity  distribution  along  flame  axis  for 
conditional  seeding,  shown  in  Fig.3.,  has  been  normalized  using 
local  mean  velocity  at  the  axis.  Just  downstream  the  burner  exit, 
turbulence  intensity  is  approximately  constant,  until  the  flame 
front  is  reached.  At  the  flame  front,  the  maximum  turbulence 
intensity  occurs  at  the  same  point  where  the  mean  velocity  at 
the  flame  axis  has  maximum  value.  After  the  increase  of 
turbulence  intensity  at  the  flame  front,  it  considerably  decreases 
in  the  constant  velocity  region. 

Rapid  downstream  increase  of  turbulence  intensity  at  the 
flame  axis  corresponds  to  the  point  where  the  eddies  of  air 
entrained  from  the  flame  surroundings  have  finally  reached  the 
flame  centerline.  Intensive  mixing  process  between  combustion 
products  and  surrounding  air  starts  at  this  cross  section. 
Obviously,  large  density  difference  delays  the  mixing  process, 
with  downstream  increase  of  turbulence  intensity  and 
intensification  of  mixing  process. 

Axial  mean  velocity  in  cross-section  x/D=5,  for  conditional 
seeding  is  shows  in  Fig.  4.  The  mean  axial  velocity  for 
conditional  jet  seeding  have  constant  values  for  radial  distance 
0<y<6mm. 


FIG.4.  PROFILES  OF  AXIAL  MEAN  VELOCITY  FOR 
CONDITIONAL  SEEDING  AT  AXIAL  LOCATIONS  x/D=5. 
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FIG.5.  MEAN  VELOCITY  ALONG  THE  FLAME  AXIS  FOR  FIG.6.  TURBULENCE  INTENSITY  ALONG  THE  FLAME 

DIFFERENT  ACETYLENE/AIR  VOLUME  RATE.  AXIS  FOR  DIFFERENT  ACETYLENE/AIR  RATE. 


In  this  region  there  is  no  mixing  between  combustion  products  is  moving  downstream  and  the  height  of  the  “flame  brush”  is 
and  surrounding  air.  This  cross  section  is  in  the  region  of  increasing.  This  was  also  noticed  by  visual  observations 
constant  velocity.  Decrease  of  the  mean  axial  velocity  in  cross-  visualization..  Downstream  of  the  flame  front  the  velocity  in  the 

section  x/D=5,  for  conditional  jet  seeding  starts  at  the  point  flame  axis  increases  with  the  increase  of  acetylene  content  in 

where  the  mixing  process  begins.  Similar  behavior  was  the  mixture.  For  the  stoichiometric  acetylene/air  ratio 

established  in  other  cross  sections  in  the  region  of  the  constant  QAC:QA=1:12,  theoretically  complete  combustion  of  reactants 

velocity.  can  be  obtained.  The  increase  of  velocity  in  the  region  of  the 

constant  velocity  can  be  explained  by  the  fact  that  the  excess  of 
acetylene  that  has  not  been  burned  in  the  flame  front,  ulteriorly 

“ii! — Mean — Velocity, — Turbulence — Intensity _ and  bums  up  at  the  flow  edges  causing  the  increase  of  the 

Isothermsfor  Different  Acetylene/Air  Ratios  temperature  in  this  region  and  decrease  of  the  mixing  intensity 

Results  of  the  mean  velocity  and  turbulence  intensity  along  the  between  the  flame  and  surrounding  air.  This  is  clearly  shown  on 

flame  axis,  for  the  three  different  acetylene/air  volume  ratios  are  temperature  and  mean  velocity  profiles.  Length  of  the  constant 

show  in  Fig. 5.  and  Fig.6.  velocity  region  is  increasing  with  the  share  of  acetylene  in  the 

With  the  increase  of  acetylene  share  in  the  mixture  above  the  mixture.  For  the  volume  ratio  Qac:Qa=1:12  the  constant 

acetylene  share  for  stoichiometric  conditions,  velocity  velocity  region  is  ending  on  x/D=8.5  distance,  while  for  the 

maximum  that  corresponds  to  the  outer  edges  of  the  flame  front  ratjo  QAC:QA=1 :7.5,  this  region  is  ending  on  x/D=I2  distance. 


y  (rrm)  y  (rrrrj 

FIG. 7.  ISOTHERMS  FOR  ACETYLENE/AIR  VOLUME  RATIOS  1:12  AND  1 :7.5. 
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With  the  larger  share  of  acetylene  in  the  mixture,  the  high 
temperature  region  is  extending  on  the  larger  axial  distance 
along  the  flame  axis.  Flame  with  a  larger  share  of  acetylene  is 
not  expanding  so  fast  as  the  flame  with  a  smaller  share  of 
acetylene.  This  is  noticeable  on  Fig.7.,  where  the  flame 
isotherms  for  the  stoichiometric  acetylene/air  ratio  and  for 
larger  share  of  acetylene  are  given. 

Because  of  the  significant  increase  in  combustion  products 
temperature  in  this  region  and  corresponding  decrease  of 
density,  volume  flow  rate  through  the  cross-sections  of  the 
flame  is  increased.  At  the  same  time,  decrease  of  mixing 
intensity  does  not  lead  to  rise  in  flow  expansion,  but  the  width 
of  the  jet  stays  the  same  or  become  smaller.  This  is  also  the 
reason  for  the  increase  velocity. 

Radial  Profiles  of  the  Axial  Mean  Velocity  and 
Temperature  for  Different  Acetvlene/Air  Ratios 

Fig.8.  compares  the  mean  axial  velocity  and  temperature  radial 
profiles  on  x/D=5,  8,  10  and  15  distances  for  a  different 
acetylene/air  ratios  in  the  mixture. 

In  the  same  cross-sections  and  for  different  acetylene/air  ratios 
in  the  mixture,  radial  profiles  of  axial  mean  velocity  are 
considerably  different.  On  x/D=5  distance,  increase  of  velocity 


from  the  flame  axis  to  the  flame  edges  is  noticeable.  For 
stoichiometric  ratio,  Q^Q^l:^,  mean  axial  velocity  profile  is 
nearly  flattened  up  to  y=6  mm  distance,  because  of  the  lack  of 
mixing  process  between  jet  and  surrounding  air  in  this  region. 
Increase  of  the  acetylene  content  in  the  mixture  leads  to 
incomplete  burning  of  acetylene  in  the  flame  front.  The  excess 
of  the  acetylene  is  burning  further  at  the  point  where  jet  and 
surrounding  air  are  starting  to  mix,  which  cause  temperature 
increase  in  this  area.  Surrounding  air  serves  as  an  oxidant  for 
burning  of  the  excess  of  acetylene  at  the  flame  edges. 
Temperature  increase  causes  a  velocity  increase,  and  leads  to 
occurrence  of  maximum  velocity  at  the  flame  edges.  In  this  area 
temperatures  were  above  thermocouple  measuring  range. 
Increase  of  the  acetylene  content  in  the  mixture  causes  increase 
of  mean  temperature  radial  profiles  gradient.  At  the  x/D=8 
distance,  there  is  no  more  velocity  maximum,  because  the 
greatest  part  of  the  acetylene  is  burned  until  this  cross-section. 
Constant  velocity  region  spreads  with  the  increase  of  the 
acetylene  content  in  a  mixture.  At  the  x/D=10  distance,  constant 
velocity  region  in  radial  profile  for  0^:0,=!  :12  and  1:9.5 
volume  ratios  doesn’t  exist  more,  while  for  QK:Q,=1:7.5 
volume  ratio  in  this  region  is  still  noticeable.  Mean  velocity  at 
the  x/D=15  distance  don’t  show  existence  of  a  constant  velocity 
region  for  all  three  acetylene/air  ratios. 
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FIG.8.  RADIAL  PROFILES  OF  MEAN  AXIAL  VELOCITY  AND  TEMPERATURE  AT  THE  x/D=5,  8,  10  AND  15 

DISTANCES. 
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CONCLUSIONS 

Temperature  and  velocity  field  measurements  in  the  acetylene 
premixed  flame  for  a  different  acetylene/air  ratios  showed  that 
with  the  increase  of  acetylene  content  in  the  mixture,  velocity 
and  temperature  fields  considerably  changing.  Velocity  values 
in  the  flame  front  and  in  the  whole  flow  field  are  increasing 
with  the  increase  of  acetylene  content  in  the  mixture. 

Length  of  the  constant  velocity  region  increases  with  the 
increase  of  the  acetylene  content  in  the  mixture.  Temperature 
measurements  with  thermocouple  showed  that  the  temperature 
in  flame  increases  with  the  increase  of  acetylene  content  in 
mixture  ratio.  Existence  of  velocity  maximum,  in  the  area 
where  mixing  process  between  combustion  products  and 
surrounding  air  is  starting,  is  a  result  of  acetylene  excess 
burning  at  that  place.  This  temperature  increase  also  cause  a 
decrease  of  the  intensity  of  the  mixing  process  between 
surrounding  air  and  combustion  products. 
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ABSTRACT 

The  role  of  mean  strain  and  turbulent  diffusion  on  the 
propagation  of  the  early  stages  of  a  premixed  turbulent 
flame  is  investigated.  In  order  to  well  describe  the  early 
flame  growth,  turbulent  combustion  models  have  to  care¬ 
fully  model  these  two  effects.  In  the  present  study,  a  new 
model  for  the  mean  strain  based  on  its  decomposition  into 
an  isotropic  and  anisotropic  part  is  proposed.  The  turbu¬ 
lent  diffusion  fluxes  of  species  and  enthalpy  are  modeled 
using  a  lagrangian  approach  which  take  into  account  the 
memory  effect  of  turbulence  via  a  lagrangian  time  scale. 
The  turbulent  combustion  model  utilized  here  is  based  on 
the  presumed  pdf  approach  coupled  with  a  transport  equa¬ 
tion  for  the  scalar  dissiption.  Application  of  these  models 
to  the  propagation  of  a  spherical  flame  ignited  in  a  point 
is  presented. 

1  INTRODUCTION 

In  the  modeling  of  turbulent  premixed  combustion,  both 
chemical  reactions  and  turbulent  transport  have  to  be 
carefully  treated.  In  the  limit  of  high  Damkohler  num¬ 
ber  (Da  =  Tt/rc,  rt  and  rc  being  respectively  a  turbulent 
and  chemical  time  scales),  it  is  commonly  assumed  that 
chemistry  can  be  represented  by  a  single  step  reaction.  In 
such  a  limit,  flamelet  models  and  presumed  pdf  (probabil¬ 
ity  density  function)  approaches  can  be  used  to  model  the 
mean  reaction  rate  w  and  describe  the  propagation  of  tur¬ 
bulent  premixed  flames.  Concerning  the  turbulent  fluxes 
pu'i'c"  of  the  progress  variable  c  (c  =  0  in  the  fresh  gases 
and  c  =  1  in  the  fully  burnt  gases),  most  of  the  mod¬ 
els  consider  a  first  gradient  assumption.  However,  both 
theoretical  studies  (Bray  et  al.  1981)  and  numerical  data 
(Veynante  et  al.  1997)  show  that  gradient  diffusion  as¬ 
sumption  is  no  valid  in  some  premixed  combustion  regime 


especially  for  low  u'/Sl  ratio  where  u  represents  the  rms 
velocity  fluctuations  and  Sl  the  laminar  burning  velocity. 

This  ongoing  work  presents  recent  developments  con¬ 
cerning  modeling  of  turbulent  premixed  combustion  using 
a  presumed  pdf  (probability  density  function)  approach 
coupled  with  a  transport  equation  for  the  scalar  dissipation 
(Mantel  &  Borghi  1994).  During  the  early  flame  growth 
ignited  by  a  spark,  the  respective  roles  of  strain  produced 
by  the  mean  velocity  field  on  the  flame  and  turbulent  diffu¬ 
sion  of  concentration  and  energy  are  crucial.  These  differ¬ 
ent  aspects  are  numerically  investigated  and  new  models 
for  these  two  contributions  are  proposed. 

2  ROLE  OF  STRAIN 

2.1  Introduction 

As  presented  in  the  review  paper  of  Peters  (1986),  the 
stretch  K  is  determinant  in  premixed  turbulent  combus¬ 
tion  because  it  is  responsible  for  flame  surface  area  pro¬ 
duction  but  can  also  be  responsible  for  local  extinction 
when  K  exceeds  a  critical  value  especially  for  flames  near 
the  flamability  limits.  K  can  be  expressed  in  term  of 
flame  strain  and  flame  curvature  (Matalon  1983,  Candel 
&  Poinsot  1990) 

K=  -n®n©^U  +  V.U  +  5dnVn  (1) 

where  n  represents  the  vector  normal  to  a  flame  element 
(n  =  Vc/|Vc|)  and  Sd  is  the  propagation  velocity  of  the 
flame.  The  total  stretch  can  also  be  expressed  as  the  rel¬ 
ative  increase  of  a  flame  surface  element  6 A  (Karlovitz  et 
al.  1953) 

r,  1  d(SA) 

h  -  6A~dT  (2) 
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Here,  our  attention  will  focus  on  the  stretch  of  the 
scalar  field  by  the  flow,  represented  by  n  ©  n  ©  VU  (or 
niTijdUi/ Xj)  in  Eq.  1.  This  term  appears  explicitely  in 
most  of  the  turbulent  combustion  models  using  a  trans¬ 
port  equation  for  a  scalar  related  to  the  mean  reaction  rate. 
This  is  the  case  of  the  transport  equation  for  the  flame  sur¬ 
face  density  £  (Candel  k  Poinsot  1990),  for  the  variance  of 
the  scalar  G  investigated  by  Peters  (1992)  or  for  the  scalar 
dissipation  cc  (Mantel  k  Borghi  1994  ).  In  the  transport 
equation  for  77,  this  term  is  expressed  by  dc„  c,k  §§^-  and  is 
decomposed  into  two  contributions  having  different  physi¬ 
cal  meanings  and  related  to  different  length  and  time  scales 
namely 


~dc’'c’kai;  =  St+s‘  (3) 

where 


o  _  j ~i — ; — dUi 


dUk 


3t  =  —dc’,i  c',k 

ox  k 


Here  c ,,  represents  the  spatial  derivative  of  c  in  the  x, 
direction. 

The  first  term  St  corresponds  to  the  stretching  of  the 
scalar  field  by  mean  velocity  gradients  and  the  second  term 
St  represents  the  stretching  of  the  scalar  field  by  the  tur¬ 
bulent  velocity  field.  According  to  a  classical  order  of 
magnitude  analysis  based  on  scale  relations,  (see  Tennekes 
&  Lumley  1972,  Mantel  k  Borghi  1994),  one  can  show 
that,  st  is  related  to  the  small  scales  of  turbulence  and 
is  greater  than  St  by  a  factor  0{Re\'2).  This  result  has 
been  partly  illustrated  by  Antonia  k  Browne  (1983)  who 
have  measured  these  two  terms  by  studying  the  destruc¬ 
tion  of  temperature  fluctuations  in  a  turbulent  plane  jet. 
More  precisely,  their  measurements  did  not  clearly  show 
that  c,i  c,k  \iqtk  is  0(Ret  ^2)  indicating  that  St  cannot  be 
systematical  neglected. 

However,  this  order  of  magnitude  analysis  is  valid  for 
a  steady  flow  like  the  propagation  of  a  premixed  planar 
flame  in  a  infinite  medium  and  can  be  put  into  question 
for  a  strongly  unsteady  situation  such  as  the  ignition  of  a 
turbulent  medium  by  a  spark  where  gas  expansion  due  to 
the  heat  release  provokes  high  velocity  gradients.  In  that 
case,  we  will  see  later  that  St  can  become  as  large  as  st 
and  its  modeling  needs  to  be  considered  with  great  care. 

2.2  Effect  of  St  on  turbulent  premixed  flames 


Browne  (1983)  for  a  non  reactive  turbulent  plane  jet  and 
the  recent  numerical  study  of  Trouve  (1994)  and  experi¬ 
mental  investigation  of  Veynante  et  al.  (1996)  concerning 
turbulent  premixed  flames. 

Although  it  is  commonly  accepted  that  St  plays  the  role 
of  a  production  of  77,  the  experimented  results  of  Antonia 
&  Browne  (1983)  exhibit  production  or  destruction  of  te 
depending  the  position  in  the  jet.  This  is  also  observed  by 
Veynante  et  al.  (1994)  who  have  measured  positive  and 
negative  contributions  in  St. 

The  experiment  of  Veynante  et  al.  (1994)  is  concerned 
with  a  two-dimensional  turbulent  premixed  V-shape  flame 
stabilized  on  a  cylindrical  rod.  Mean  velocity  gradients 
and  orientation  factors  (n,n*)a  are  measured  using  laser 
velocimetry  and  tomographic  visualizations.  They  con¬ 
clude  that  the  strain  rate  cannot  be  only  related  to  the 
mean  shear  but  have  also  to  thermal  expansion  and  orien¬ 
tation  factors  (the  subscript  s  indicates  an  area  weighted 
ensemble  average,  (/),  =  /£/£)•  This  analysis  is  con¬ 
firmed  by  Trouve  (1994)  in  direct  numerical  simulation  of 
a  turbulent  premixed  flame  submitted  to  a  constant  shear 
flow  dUi/dii.  It  appears  that  (St),  can  be  approximated 
by 


dTJ 7 

9X2 


(4) 


where  a  and  /?  are  constant.  For  all  the  cases  studied 
by  Trouve,  it  is  found  that  these  two  contributions  are 
of  the  same  order  of  magnitude.  It  is  worth  mentionning 
that  the  tensor  («,»»*),  is  found  strongly  dissimetric  in  the 
experiment  of  Veynante  et  al.  (1996).  Moreover,  both  in 
Veynante  et  al.  (1994)  and  in  Trouve  (1994),  St  is  found 
smaller  than  st  by  one  order  of  magnitude  and  can  even 
be  neglected  in  the  models. 


2.3  Existing  models  for  St 

In  order  to  propose  and  to  validate  a  new  model,  two  basic 
turbulent  flows  are  considered  (i)  the  of  a  spherical  front 
propagation  in  a  turbulent  premixed  medium  and  (ii)  a 
two-dimensional  turbulent  mixing  layer. 

Propagation  of  a  spherical  front  in  a  turbulent 
premixed  medium 

In  the  case  of  the  propagation  of  a  spherical  front  in  a 
turbulent  medium,  the  expression  for  St  can  be  directly 
obtained.  Moreover,  by  considering  local  isotropy  for  the 
scalar  field,  St  reduces  to  (see  Appendix  for  details) 


The  mean  strain  St  has  been  principally  investigated  in 
the  case  of  the  dissipation  of  an  inert  scalar  in  presence 
of  a  mean  velocity  gradient  such  as  in  a  turbulent  mix¬ 
ing  layer  (Jones  &  Mussonge  1988  ,  Tulapurkara  et  al. 
1989).  By  extension,  the  case  of  turbulent  reacting  flows 
has  been  also  treated  using  the  same  models  (Borghi  k 
Dutoya  1978  ,  Cant  et  al.  1990,  Candel  k  Poinsot  1990, 
Mantel  &  Borghi  1994).  However,  in  reacting  flows,  a  sig¬ 
nificant  contribution  of  the  mean  shear  comes  from  ther¬ 
mal  expansion  across  the  turbulent  flame  brush.  This  is 
especially  the  case  during  the  growth  of  a  spherical  kernel 
where  radial  velocity  gradients  are  very  strong. 

Very  few  results  exist  concerning  the  estimation  of  St 
in  turbulent  flows.  We  can  cite  the  work  of  Antonia  k 


s,  — inwr— ^ 


(5) 


In  this  particular  case,  both  expansion  and  compression 
occur.  Thus,  St  can  be  both  production  and  dissipation 
of  77  (or  E)  ac cross  the  turbulent  flame  brush.  It  actually 
produces  (dissipates)  £  in  the  leading  (trailing)  edge  of 
the  flame. 


A  two-dimensional  turbulent  mixing  layer 

In  this  kind  of  flow,  it  is  well  known  that  mean  strain  tends 
to  increase  the  surface  of  mixing.  Analogy  can  be  made  for 
the  case  of  a  premixed  flame  submitted  to  a  mean  shear 
flow.  This  case  has  been  studied  using  direct  numerical 
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simulation  by  Trouve  (1994)  for  different  value  of  the  strain 
rate.  In  all  the  treated  cases,  the  flame  surface  tends  to 
increase  due  to  the  strain. 

The  model  of  Jones  &  Mussonge  (1988) 

Jones  k  Mussonge  (1988)  propose  a  modeling  for  St  in  the 
configuration  of  a  turbulent  mixing  layer.  This  model  is 
expressed  by 

c  _  n  —.uiuk  dV~i 

From  Eq.  6,  St  is  calculated  for  the  case  of  a  spherical 
flame  ignited  in  a  point  and  propagating  in  a  premixed 
turbulent  medium.  After  some  algebra,  Eq.  6  is  written 
(see  Appendix) 

S«  =  -Cp.|L(u2^+^(tt2+u2))  (7) 

Here,  we  consider  (uTuT),**  =  Oand^=^=rZ77  = 

^7  —  0  Assuming  isotropic  turbulence  (u?  =  u2  =  u%  = 
2&/3)  is  the  only  possibility  to  recover  the  definition  of  St 
given  by  Eq.  5. 

The  model  of  Jones  &  Mussonge  using  an  eddy 
viscosity  closure 

In  the  Jones  k  Mussonge  model,  the  Reynolds  stress  ten¬ 
sor  is  used  to  relate  the  anisotropy  of  the  scalar  field  to 
the  anisotropy  of  the  turbulent  flow  field  (Tulapurkara  et 
al.  1989,  Mantel  k  Borghi  1994).  In  the  case  where  the 
Boussinesq  approximation  is  used  to  dose  the  Reynolds 
stress  tensor,  the  model  of  Jones  k  Mussonge  writes 


St  =  Cj 


/  flfdV:  dJ7^\ 

r2A: [2  (a**  +  dx.J 


2dV\  ■ 

3d^Sik 

H£<»> 


And  in  the  case  of  the  spherical  flame 


S,  =  Cj 


~  /  \(d Ur 

re*  (  ‘[V  dr 


-  2k 


^SUrUr] 
r2  dr  r  J 

»(£*=)}  <•> 


During  the  early  spherical  flame  growth  (r  ~  0),  the  term 
(K/r)2  in  Eq.  9  is  positive  and  becomes  very  large  leading 
to  a  tremendous  production  of  TZ.  The  consequences  of 
this  behaviour  on  the  flame  growth  are  very  critical  and 
numerically  leads  to  a  supersonic  flame  velodty. 

However,  in  the  case  of  the  mixing  layer,  St  given  by 
Eq.  9  is  always  negative  and  corresponds  to  a  production 
of  £c  which  is  consistent  with  common  observations. 

2.4  A  new  model  for  St 

Here,  we  present  a  model  which  satisfy  the  two  cases  dted 
above.  The  idea  consists  of  separating  St  in  an  isotropic 
and  an  anisotropic  contribution  namely 

C  _  n  _ dul  ,  s 

S'  =  -Cp'73^-™3^  <10> 


The  problem  is  to  find  a  model  for  the  tensor  7 IT  represent¬ 
ing  the  anisotropy  of  the  scalar  Add.  In  order  to  satisfy 
the  two  test  flows,  the  terms  of  the  main  diagonal  must 
be  zero  and  yikdUi/dik  must  be  always  positive.  A  pos¬ 
sible  tensor  for  7^  satisfying  these  two  conditions  is  the 
deformation  tensor  (rotational  for  the  velodty) 


TT=  VtT\  dUx 
2  k  c\dxk 


dUAdUi 

da  )  dxk 


Here,  the  anisotropy  of  the  scalar  field  is  still  related  to 
the  deformation  of  the  mean  velodty  field  like  in  previous 
models,  but  yik  given  by  Eq.  11  allows  to  describe  the  early 
flame  growth  and  a  mixing  layer.  Finally,  the  model  for 
St  writes 

<7  _  r  tZdUj  Cp.vt  fdUi  dUk  \  dUi 

St  -  ~Cpi TdZ~  -  — r c  {d^-d^-jd^  w 

where  CPi  and  Cp.  are  constant;  CPi  =  1  in  order  to  re¬ 
cover  the  spherical  flame  growth  and  CPa  <  0  in  order  to 
produce  flame  surface  in  the  mixing  layer  configuration. 

3  APPLICATION  TO  THE  EARLY 
FLAME  GROWTH 

3.1  The  ignition  model 

Concerning  the  ignition  model,  infinitely  fast  reaction 
are  considered.  Moreover,  the  energy  transfered  to  the 
medium  is  integraly  transformed  in  chemical  energy.  Fol¬ 
lowing  Fruchard  k  Borghi  (1994),  the  ignition  rate  is 


At,gnY“(-AH) 


■(1-2) 


where  Eig„,  A tign,  (— Aif)  represent  the  ignition  en¬ 

ergy,  the  duration  of  the  spark,  the  concentration  of  fuel  in 
the  fresh  reactants  and  the  energy  released  by  the  chemical 
reactions  (Fruchard  k  Borghi  1994). 

3.2  The  turbulent  combustion  model 

For  the  turbulent  combustion  model,  a  presumed  pdf  ap¬ 
proach  based  on  the  transport  equation  for  the  scalar  dis¬ 
sipation  is  used  (Mantel  k  Borghi  1994).  This  equation 
for  constant  density  and  constant  diffusivity  writes: 

7Td7*  du'ke*  .,d2*Z  ry.~ — rdiUk 

sT  +  u-a^  =  ~^T+da; J-2dc^aI- 

- 

,  ,  dvi  ,  dc '  ■  dc\  .  Qw' 

-  ^  -  “  5^7  -  2d<‘jk  <“) 

The  modeled  equation  used  in  the  present  study  is  the 
same  as  in  Mantel  k  Borghi  (1994)  except  for  production 
of  tZ  due  to  mean  velocity  gradients  St  =  dc„  c,kU k„  for 
which  the  new  model  proposed  here  (see  §  2.4)  is  used. 
Finally,  the  modeled  equation  for  77  used  here  is: 


:  jy-  dtc  _  d  (  vt  dTZ  \  ec  dWj 
k  dxk  dik  \<ree  dxk  J  '  P'  3  dxj 


Cc  dWj  _ dUi . _ 

3  dx ,  +7,kdxk^C 
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p.  Figure  2:  Profiles  of  ratio  Tt/ry  across  the  flame  front  at 

igure  1:  Profiles  of: -  turbulent  stretch, -  mean  different  time:  -  t  =  0.1ms, -  t  =  0.2ms, _ 

strain,  dissipation  of  cc  across  the  flame  front  at  t  =  0.5ms, - t  =  l.ms 

different  time 


The  constants  appearing  in  Eq.(16)are  given  in  detail  in 
Mantel  &  Borghi  (1994).  In  order  to  solve  the  modeled 
transport  equation  for  ca,  a  presumed  pdf  approach  is 
used.  The  shape  of  the  pdf  is  presumed  using  the  ideas  of 
Borghi  (1988)  in  order  to  take  into  account  the  presence 
of  laminar  flamelets  in  the  turbulent  flow  field. 


3-3  The  turbulent  diffusion  model 

An  improvement  to  classical  gradient  modeling  is  proposed 
for  turbulent  fluxes  of  species  and  energy.  Here,  the  tur¬ 
bulent  dispersion  model  is  based  on  the  pioneering  work  of 
Taylor  (1921).  This  model  is  based  on  the  description  of 
the  turbulent  motion  by  following  the  random  trajectory 
of  particles.  It  consists  of  modeling  the  eddy  diffusivity 
using  a  memory  effect  of  the  turbulence  via  a  lagrangian 
time  scale.  Thus,  the  eddy  diffusivity  is  corrected  with  a 
damping  function  and  writes: 


vt  _  Cfl—(  1  -  exp(-t*/Tlag)) 


where  nag  —  ciaglt/u'  ( it,u '  and  ciag  being  the  turbulence 
integral  length  scale,  the  rms  turbulence  intensity  and  a 
constant).  The  constant  clag  varies  from  0.2  to  0.6  (Hinze 
1975).  The  time  t*  represents  the  time  at  which  the  mem¬ 
ory  effect  of  turbulence  is  taken  into  account  by  the  flame. 
In  our  calculation,  t*  is  defined  when  a  small  amount  of 
burnt  gases  (here  t*  —  tc=o.oi )  is  present  in  the  computa¬ 
tional  cell. 

These  different  models  are  implemented  in  a  computer 
code  for  reacting  flows  with  variable  density. 


4  CONFIGURATION 


The  configuration  studied  here  is  concerned  with  the  prop¬ 
agation  of  a  turbulent  premixed  propane-air  flame  in  a 
closed  vessel.  The  flame  is  ignited  by  a  spark  in  a  de¬ 
caying  homogeneous  and  isotropic  turbulence.  The  char¬ 
acteristics  of  the  turbulence  at  the  ignition  timing  are 


0  1  2  3  4  5 

time  [msec] 


Figure  3:  Time  evolution  of  the  iso-temperature  600 A"  and 
of  the  turbulent  flame  thickness  for  different  values  of  ciag: 
~~~ ~~~  Ciag  =  0,  — — —  dag  —  0.2,  — — —  Cjog  =  0.4  at 
different  time 
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u>  —  1.1  m/s,  lt  =  6mm.  Concerning  the  ignition,  we 
specify  Eign  =  3m  J  and  At,gn  =  120/is. 

5  RESULTS 

Unlike  the  classical  models,  the  strain  due  to  mean  velocity 
gradients  leads  to  a  dissipation  of  TZ  (or  E)  in  the  case  of  a 
spherical  expanding  flow.  Figure  1  shows  the  crucial  role 
of  this  term  on  early  flame  growth.  At  very  early  time  (t  = 
0.1ms),  we  can  observe  that  the  contribution  of  this  term  is 
of  the  same  order  of  magnitude  as  the  one  for  the  stretching 
due  to  small  scale  turbulence  (here,  the  dissipation  is  very 
high  and  goes  out  of  the  figure).  As  the  time  goes  on, 
the  contribution  of  St  rapidly  decreases  and  becomes  one 
order  of  magnitude  smaller  than  the  predominant  term 
of  Eq.  16  (stretching  due  to  small  scale  turbulence  and 
dissipation).  We  can  also  notice  that  the  model  of  Jones 

6  Mussonge  (1988)  for  S,  applied  to  this  configuration 
leads  to  a  tremendous  production  of  ec  and  to  an  irrealistic 
propagation  of  the  flame  front  leading  to  a  complete  failure 
of  the  code.  Figure  2  also  shows  the  profile  of  the  ratio 
Tt/Tc  across  the  flame  front  at  different  times  (here  rc  = 
cl2l ec).  One  can  observe  that  this  ratio  is  not  constant  and 
significantly  varies  from  the  fully  burnt  gases  to  the  fresh 
reactants.  The  discontinuity  of  the  curve  at  t  =  0.1  ms 
(in  the  leading  edge  of  the  flame)  corresponds  to  a  region 
of  the  flame  where  both  c12  and  TZ  tend  to  zero.  Thus, 
rc  =  ca/TZ  is  not  well  defined  and  the  condition  rc  =  rt  is 
chosen  to  avoid  this  numerical  problem. 

A  second  important  result  of  this  study  concerns  the 
effect  of  the  turbulent  diffusion  model  on  the  characteris¬ 
tics  of  the  turbulent  flame  brush  thickness  6th-  The  Fig.  3 
presents  the  time  evolution  of  the  iso-temperature  600A" 
and  of  the  turbulent  flame  thickness  for  different  values  of 
the  constant  ciag.  We  notice  a  significant  influence  of  the 
eddy  diffusivity  model  on  the  flame  propagation  and  on 
the  turbulent  flame  thickness  6th  based  on  the  maximum 
gradient  of  c. 


6  CONCLUSIONS 


The  tensor  Vc'  ®  Vc'  is  expressed 
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Thus,  St  is 
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and  finally, 
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St  is  expressed  by 


This  paper  presents  a  new  modeling  for  the  effect  of  strain 
due  to  the  mean  velocity  field  on  TZ  (and  consequently  E). 
The  influence  of  this  effect  on  the  propagation  of  a  spheri¬ 
cal  flame  ignited  by  a  spark  in  a  decaying  isotropic  turbu¬ 
lence  seems  to  be  crucial  and  has  to  be  treated  carefully. 
The  modeling  of  the  turbulent  diffusion  fluxes  has  also  a 
significant  impact  on  the  behaviour  of  flame  propagation 
and  its  structure. 


St  = 
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(4) 


If  we  consider  local  isotropy  ( c,i  c,*  and  c2  =  c,\  = 
c,%  =  jTZ)  for  the  scalar  field  (in  average),  we  have 


The  model  of  Jones  &  Mussonge 

The  model  of  Jones  L.  Mussonge  writes 

St  =  ~CjMTzW^  =  -CjmTZ^WW*  O  (6) 

J/k  OXk  ifc 

Considering  uju^  =  0  for  *  k 
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Here,  the  operators  ®  and  ©  represent  respectively  the 
tensorial  product  and  the  contracted  product. 
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APPENDIX 

Determination  of  St  in  spherical  coordinates 

The  term  St  =  —dc'„  c',k§§^  can  be  rewritten  using  ten¬ 
sorial  notation 
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and 


u'  ®  u'  0  tfu  =  ul  *E  +  (S  + 

dr  y  6  r 

Thus, 


St  =  -C, 
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(7) 

(8) 


The  model  of  Jones  &  Mussonge  using  an  eddy 
viscosity  model 

In  the  Jones  k  Mussonge  model,  the  Reynolds  stress  tensor 
is  used  to  relate  the  anisotropy  of  the  scalar  field  to  the 
anisotropy  of  the  turbulent  flow  field.  In  the  case  where 
the  Boussinesq  approximation  is  used  to  close  Reynolds 
stress  tensor,  the  model  of  Jones  k  Mussonge  writes 


=  CyWil^t(2S-|v.u!)-|i)5©fu  (9) 

where 

I=I(^u  +  (fu)')  (10) 

We  have 


Finally,  St  writes 
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Closure  using  the  rotational  vector 
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INTRODUCTION 

Moment  closure  methods  have  long  provided  the  base  for 
theoretical  models  used  for  computations  of  turbulent  re¬ 
acting  flows  in  geometries  of  practical  interest.  Within  the 
latter  context  closures  are  primarily  required  for  the  tur¬ 
bulent  transport  of  momentum  and  scalar(s),  the  Reynolds 
stresses  and  turbulent  scalar  fluxes  and  the  mean  reaction 
rate(s).  To  date  most  reported  research  efforts  have  mainly 
focused  on  the  closure  of  the  latter  (e.g.  Bray  1990;  Duclos 
et  al.  1993)  adopting,  invariably,  gradient  diffusion  type 
approximations  for  turbulent  transport.  However,  theoret¬ 
ical  studies,  (e.g.  Bray  k  Libby  1994;  Lindstedt  k  Vaos 
1996a),  have  shown  the  considerable  impact  of  turbulence 
transport  modelling  on  global  flame  characteristics  such  as 
the  turbulent  burning  velocity  and  the  flame  brush  thick¬ 
ness  and  evidently  the  evolution  of  mean  and  turbulent 
quantities.  A  closure  at  the  second  moment  level  has  been 
found  to  be  essential  in  this  respect,  an  argument  also 
supported  by  earlier  application  of  transported  pdf  meth¬ 
ods  (e.g.  Hulek  k  Lindstedt  1996a)  and  strongly  indicated 
by  experimental  and  DNS  studies  (e.g.  Heitor  et  al.  1987; 
Rutland  k  Cant  1994). 

Perhaps  the  most  critical  closure  aspects  in  second  mo¬ 
ment  methods  concern  the  redistribution/scrambling  and 
dissipation  terms  in  the  Reynolds  stress  and  scalar  flux 
equations.  Considerable  progress  in  this  area  has  been 
made  in  the  context  of  isothermal  flows  (e.g.  Launder 
1996).  In  variable  density  flows  the  prevalent  approach 
features  a  recasting  of  models  derived  on  a  constant  den¬ 
sity  basis  in  a  density  weighted  form.  The  closure  of  such 
terms  and  the  significance  of  the  involved  assumptions  in 
flows  with  reacting  scalars  has  been  recently  examined  by 
Lindstedt  and  Vaos  (1996a;  1996b).  The  present  contribu¬ 
tion  extends  the  latter  work  by  consideration  of  possible 
extended  variable  density  model  forms  for  the  turbulent 
kinetic  energy  dissipation  rate.  The  resulting  model  equa¬ 
tions  are  subsequently  applied  to  the  simulation  of  turbu¬ 
lent  premixed  flames  in  the  flamelet  regime  of  combustion 
featuring  realistic  levels  of  heat  release. 

CLOSURE  CONSIDERATIONS 

The  pressure  correlation  terms  in  the  Reynolds  stress 


equations  can  be  decomposed  into  redistributive  and  iso¬ 
tropic  parts  (Lumley  1978).  The  latter  may  be  further 
split  into  pressure  transport  and  pressure  dilatation  terms. 
Similarly  pressure  correlation  terms  in  the  scalar  flux  equa¬ 
tions  can  be  split  into  pressure  “scrambling”  and  pressure 
transport  terms. 

Because  of  the  above  decomposition  and  the  resulting 
traceless  forms,  redistribution  terms  are  invariably  mod¬ 
elled  by  recasting  closures  derived  on  a  constant  density 
basis  in  a  density  weighted  form.  A  similar  procedure  is 
also  applied  to  the  pressure  scrambling  terms.  The  latter 
approach  has  been  found  to  be  adequate  in  flows  featur¬ 
ing  conserved  scalars,  i.e.  mixing  problems  and  diffusion 
flames  (e.g.  Jones  1993).  By  contrast,  Lindstedt  k  Vaos 
(1996a)  have  found  that  in  flows  involving  reacting  scalars 
the  above  approach  remains  insufficient  irrespective  of  spe¬ 
cific  model  formulations.  Regrettably,  an  analytical  treat¬ 
ment  of  exact  unclosed  terms  provides  little  information 
for  modelling  purposes.  Lindstedt  k  Vaos  (1996a)  have 
thus  proposed  extended  variable  density  forms  based  on 
the  following  physical  considerations. 

Turbulence  production  in  premixed  flames  at  practical 
rates  of  heat  release  evolves  as  a  fine  balance  between  strain 
and  preferential  acceleration  related  effects.  In  particular 
strain  effects  feature  a  prevalence  of  normal  strain  com¬ 
ponents  which  invariably  lead  to  reduction  of  turbulence 
levels,  i.e.  “dilatation”.  Preferential  acceleration  effects 
arise  due  to  a  self-induced  pressure  drop  within  the  flame 
and  are  thus  exerted  through  the  mean  pressure  gradient 
terms  in  the  respective  second  moment  equations.  The  lat¬ 
ter  type  of  effects  invariably  lead  to  turbulence  production 
and  non-gradient  turbulent  scalar  fluxes  (e.g.  Libby  k  Bray 
1981).  Experimental  (e.g.  Ferrao  1993)  and  DNS  studies 
(e.g.  Trouve  et  al.  1994;  Rutland  k  Cant  1994)  suggest 
that  at  realistic  rates  of  heat  release  the  contributions  of 
mean  pressure  gradient  terms  are  dominant  and  essentially 
determine  the  turbulent  kinetic  energy  levels,  the  levels  of 
anisotropy  and  the  magnitude  and  alignment  of  the  scalar 
flux  vector. 

On  the  other  hand,  models  derived  on  a  constant  den¬ 
sity  basis  feature  a  seeding  of  redistribution  solely  on 
mean  strain.  Hence,  the  rate  at  which  energy  is  trans- 
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fered  between  components,  i.e.  the  rate  of  minimisation  of 
anisotropy,  regardless  of  specific  model  forms,  will  be  sub¬ 
stantially  lower  than  the  rate  at  which  anisotropy  is  pro¬ 
duced.  It  is  thus  suggested  that  model  formulations  should 
explicitly  include  an  additional  part  representing  preferen¬ 
tial  acceleration  effects.  The  methodology  and  modelling 
approximations  are  thus  analogous  to  those  adopted  in 
strongly  stratified  flows  with  force  field  effects  (Launder 
1975).  Indeed  the  evolution  of  turbulence  under  such  cir¬ 
cumstances  is  affected  in  a  similar  manner  and  therefore 
the  resulting  scaling  of  the  models  should  be  identical.  The 
latter  observation  is  of  considerable  importance.  While  the 
formulation  of  such  acceleration  redistribution/scrambling 
terms  using  invariant  methods  is  straightforward,  calibra¬ 
tion  of  constants  and  evaluation  of  different  model  forms 
in  the  context  of  inhomogeneous  combusting  flows  would 
raise  insurmountable  difficulties. 

In  the  present  work  “slow”  and  “strain”  redistribution 
is  obtained  by  a  model  based  on  the  Generalised  Langevin 
model  of  Haworth  k  Pope  (1987)  which  yields  correspond¬ 
ing  scrambling  terms  for  the  scalar  flux  equations  (Pope 
1994).  A  simple  Isotropisation  of  Production  type  model 
(Gibson  k  Launder  1976)  is  adopted  for  the  acceleration 
redistribution  /scrambling  parts. 

The  most  commonly  employed  model  equation  for  the 
turbulent  kinetic  energy  dissipation  rate,  assuming  a  gener¬ 
alised  gradient  diffusion  model  for  the  turbulent  transport 
of  dissipation,  takes  the  following  well  known  form, 
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where  Ctl  and  Ce2  are  assigned  the  values  of  1.44  and 
1.92,  while  a  reasonable  value  for  C,c  is  approximately 
0.18  (Jones  1980).  The  above  equation  is  almost  entirely 
derived  on  empirical  principles  —  the  exact  transport  equa¬ 
tion  for  the  dissipation  rate  proves  to  be  of  little  help  for 
modelling  purposes. 

Some  support,  however,  is  provided  by  the  analyses  of 
Lumley  (1992;  1996),  which  based  on  energy  cascade  prin¬ 
ciples,  suggest  that  the  generation  term  for  the  turbulence 
dissipation  rate  corresponds  to  the  rate  at  which  energy  is 
fed  to  the  lower  wavenumber  end  of  the  spectrum.  Within 
the  “standard”  model  of  equation  (1)  the  “dissipation  feed¬ 
ing  rate”  is  essentially  identified  with  the  (scaled)  produc¬ 
tion  term  of  the  turbulent  kinetic  energy.  However,  while 
this  modelling  approach  is  arguably  sufficient  in  isother¬ 
mal  shear  driven  flows,  variable  density  flows  may  feature  a 
prevalence  of  normal  strain  components,  due  to  dilatation, 
and/or  counter-gradient  shear  stresses,  due  to  preferential 
acceleration  effects.  The  “generation”  term  will  thus,  in¬ 
variably,  amount  to  a  negative  contribution.  In  order  to 
provide  compensation  for  such  effects,  various  terms  have 
been  proposed  in  past  work  and  include,  for  example,  the 
contribution  of  mean  density  gradients  or  mean  pressure 
gradients  or  the  mean  velocity  divergence  (cf.  Jones  1980). 
The  inclusion  of  any  single  or  any  combination  of  the  latter 
terms  from  this  point  of  view  is  largely  heuristic  and  the 
calibration  of  relevant  modelling  constants  becomes  uncer¬ 
tain. 

This  ambiguity,  however,  may  be  partly  resolved  by  the 
phenomenological  approach  presented  above  and  thus  re¬ 
lated  to  the  modelling  of  the  redistribution/scrambling 
terms.  Hence,  relevant  model  forms  should  directly  in¬ 
corporate  both  strain  and  preferential  acceleration  related 
terms.  The  present  authors  have  thus  performed  calcula¬ 
tions  of  turbulent  premixed  flames  including  a  mean  pres¬ 
sure  gradient  term  in  the  turbulent  dissipation  equation 


(Lindstedt  k  Vaos  1996a). 
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In  the  context  of  strongly  stratified  flows  the  correspond¬ 
ing  modelling  constant  CE3  is  assigned  values  in  the  region 
0.95-1.2  (e.g.  Jones  1993;  Launder  1996).  On  the  other 
hand,  it  has  been  found  (Lindstedt  &  Vaos  1996a)  that 
in  turbulent  premixed  flames  the  latter  constant  has  to  be 
assigned  a  relatively  high  value  ( CC3  —  1.4).  The  discrep¬ 
ancy  may  primarily  be  attributed  to  the  assumed  form  of 
the  strain  related  production  term.  As  noted  above,  in 
turbulent  premixed  flames  the  latter  will  result  in  negative 
rather  than  positive  contributions.  Therefore,  a  higher  CC3 
value  is  required  to  provide  compensation.  An  alternative 
general  form  is  thus  considered  here. 
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In  equation  (3)  C1-C5  are  constants  although  general  for¬ 
mulations  as  functions  of  anisotropy  or  strain  invariants 
(e.g.  Launder  1996)  are  also  possible.  For  the  present 
purposes  the  second  order  term  is  omitted  (C3  =  0)  and 
thus  equation  (3)  reduces  to  the  “standard”  model  of  equa¬ 
tion  (1)  at  the  zero-heat  release  limit.  In  the  latter  case  the 
constants  C2  and  C5  of  equation  (3)  can  be  identified  with 
Ccx  and  CC2  of  equation  (1)  and  are  thus  here  assigned 
the  “standard”  values  of  1.44  and  1.92  respectively.  C\  is 
assigned  here  the  value  of  0.5  hence  a  positive  velocity  di¬ 
vergence  will  result  in  a  positive  contribution.  The  latter 
fact  allows  the  mean  pressure  gradient  term  constant  Ca 
(C£3)to  be  assigned  the  value  of  1.2  —  in  better  agreement 
with  corresponding  values  in  strongly  stratified  flows. 

Closures  for  the  remaining  terms  are  as  outlined  by  Lind¬ 
stedt  &  Vaos  (1996a).  The  triple  moment  and  pressure 
transport  terms  are  approximated  using  the  generalised 
gradient  diffusion  model  of  Daly  k  Harlow  (1970).  Mod¬ 
els  for  the  pressure  dilatation  term  have  been  suggested  by 
Zhang  k  Rutland  (1995)  and  Hulek  k  Lindstedt  (1996b). 
On  the  evidence  of  calculations  however,  it  has  been  found 
that  such  models  lead  to  considerable  over-predictions  of 
turbulence  intensities.  The  pressure  dilatation  term  is  thus 
here  ignored.  It  should  be  noted,  however,  that  the  con¬ 
tribution  of  this  term  is  potentially  important  for  flames 
characterised  by  turbulence  intensities  which  are  low  com¬ 
pared  to  the  laminar  burning  velocity. 

Flames  in  the  fiamelet  regime  of  combustion  are  consid¬ 
ered  here  and  closures  for  the  velocity-reaction  rate  cor¬ 
relations  in  the  scalar  flux  equations  and  the  scalar  vari¬ 
ance/time  scale  have  thus  been  obtained  following  Bray 
(1980)  and  Bray  ef  al.  (1985).  For  the  present  purposes 
the  mean  reaction  rate  is  obtained  by  an  algebraic  model, 
derived  on  the  assumption  that  the  flame  surface  geometry 
is  fractal  (Gouldin  1987;  Lindstedt  k  Vaos  1996b), 


Sc  =  CRpu^r%I{l-I) 

vk  k 
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where  Cr  is  a  constant,  ul  the  unstrained  laminar  burning 
velocity  and  Vk  is  the  Kolmogorov  velocity.  The  reaction 
rate  constant  Cr  has  been  calibrated  to  the  value  of  2.6  — 
the  latter  value  has  been  found  to  be  relatively  insensitive 
to  changes  in  the  dissipation  model. 

APPLICATION  OF  THE  MODEL 

The  second  moment  model  described  above,  is  here  ap¬ 
plied  to  the  simulation  of  two  turbulent  premixed  flames 
stabilised  in  stagnation  point  flow  geometries.  The  simu¬ 
lations  axe  fully  two-dimensional  and  transient  —  the  gov¬ 
erning  equations  are  integrated  in  time  until  a  steady  state 
is  reached.  The  numerical  procedure  is  described  elsewhere 
(Lindstedt  &  Vaos  1996a).  Results  from  simulations  with 
a  gradient  diffusion  closure  for  the  turbulent  scalar  fluxes, 
while  retaining  a  second  moment  closure  for  the  Reynolds 
stresses,  are  also  presented.  In  the  latter  cases  the  “stan¬ 
dard”  dissipation  equation  model  is  used  as  the  effect  of 
the  mean  pressure  gradient  terms  in  the  second  moment 
equations  has  to  be  omitted. 

The  first  case  considered  here  features  a  slightly  lean 
methane  flame  ( <j>  =  0.9)  stabilised  between  two  opposed 
jets  of  reactants.  Experimental  data  are  provided  by  Mas- 
torakos  (1993).  Inspection  of  Figure  1  reveals  significant 
differences  between  predictions  using  a  gradient  diffusion 
and  a  transport  equation  based  closure  for  the  turbulent 
scalar  fluxes.  Using  a  gradient  diffusion  closure  neither  the 
flame  stabilisation  point  nor  the  flame  brush  thickness  is 
accurately  predicted.  The  observed  differences  thus  signify 
the  overwhelming  importance  of  the  modelling  of  turbu¬ 
lent  transport.  Clearly,  gradient  diffusion  closures  lead  to 
under-predictions  of  the  latter  and  thus  of  the  turbulent 
burning  velocity  (Bray  1990).  Some  compensation  may  be 
provided  by  increasing  the  reaction  rate  constant  —  the 
value  of  Cr  =  4.5  is  used  here  for  illustration  purposes.  In 
the  latter  case  the  flame  stabilisation  point  is  accurately 
predicted,  however,  further  significant  discrepancies  in  the 
evolution  of  mean  and  turbulence  quantities  can  be  ob¬ 
served  (Figures  1-5). 

On  the  other  hand,  observed  differences  in  predictions 
between  the  two  dissipation  production  models  using  a  full 
second  moment  closure  do  not  appear  significant  with  the 
notable  exception  of  Figure  5.  Predictions  for  the  progress 
variable  and  mean  velocity  profiles  (Figures  1  and  2)  are  in 
excellent  agreement  with  experiment  and  slightly  in  favour 
of  the  extended  dissipation  model.  The  predicted  turbu¬ 
lence  intensity  profiles  are  in  reasonable  agreement  with 
experiment  (Figures  3  and  4)  with  the  minor  exception 
of  the  axial  turbulence  intensity  close  to  the  leading  edge 
of  the  flame.  However,  it  appears  difficult  to  explain  the 
measured  peak  at  this  location. 

The  second  case  features  a  stoichiometric  ethylene  flame 
stabilised  in  the  stagnation  point  flow  created  by  an  im¬ 
pinging  jet  on  a  plate.  Experimental  data  for  the  latter 
case  are  provided  by  Cheng  &  Shepherd  (1991).  The  flame 
examined  here  is  stabilised  sufficiently  far  from  the  stag¬ 
nation  plane  so  that  the  solid-boundary  conditions  at  the 
plate  have  been  found  to  have  little  influence  on  mean  and 
turbulent  quantities  in  the  area  of  interest.  Using  a  gradi¬ 
ent  diffusion  closure,  observed  differences  between  predic¬ 
tions  and  experimental  data  for  both  mean  and  turbulence 
quantities  (Figures  6-9)  are  more  pronounced  compared  to 
the  previous  case.  By  contrast,  predictions  of  the  mean  ax¬ 
ial  velocity  and  scalar  profiles  using  a  full  second  moment 
closure  are  in  good  agreement  with  experiment  and  clearly 
in  favour  of  the  extended  dissipation  model  (Figures  6  and 
7).  The  predictions  of  the  axial  and  radial  turbulence  in¬ 
tensities  reveal  an  essential  feature  of  turbulent  premixed 
flames,  i.e.  flame  induced  turbulence  production.  However, 
while  post-flame  values  are  in  reasonable  agreement  with 
experiment  the  respective  peak  values  appear  somewhat 
under-predicted  (Figures  8  and  9).  The  measured  peaks  for 


the  present  case  are  located  very  close  to  the  trailing  edge 
of  the  flame.  As  noted  above,  the  omission  of  a  pressure 
dilatation  model  may  also  prove  significant  in  this  respect. 

The  area  where  significant  differences  have  been  observed 
between  the  dissipation  models  of  equations  (2)  and  (3)  is 
in  the  evolution  of  the  integral  length  scale  through  the 
flame  (Figures  5  and  10).  Using  equation  (3)  the  evolu¬ 
tion  of  the  integral  length  scale  seems  to  follow  that  of 
other  turbulence  quantities,  e.g.  the  turbulence  intensities, 
while  equation  (2)  yields  a  continual  length  scale  increase 
through  the  flame.  In  the  absence  of  detailed  experimen¬ 
tal  measurements  and/or  relevant  DNS  data,  however,  no 
further  comment  can  be  made. 

CONCLUSIONS 

The  present  work  comprises  a  modelling  study  of  turbu¬ 
lent  premixed  flames  using  second  moment  closures.  The 
accurate  representation  of  variable  density  effects  in  the 
second  moment  and  dissipation  equations  —  in  particu¬ 
lar  the  redistribution /scrambling  and  dissipation  produc¬ 
tion  terms  —  is  given  considerable  attention.  The  ef¬ 
fects  amount  to  dilatation  induced  by  enhanced  normal 
strain  components  and  pressure  gradient  related  produc¬ 
tion  through  preferential  acceleration.  Regrettably,  an  an¬ 
alytical  or  semi-analytical  treatment  of  the  exact  unclosed 
terms  provides  little  information  for  modelling  purposes. 
Closure  difficulties  are  partly  resolved  here  by  adoption  of 
a  phenomenological  approach  and  model  formulations  have 
been  obtained  hy  consideration  of  suitable  invariant  forms. 
The  modelling  approach  proposed  is  general  and  combus¬ 
tion  regime  independent.  Significantly,  the  noted  evident 
similarity  with  strongly  stratified  flows  permits  additional 
model  terms  to  be  developed/calibrated  separately  from 
other  elements  of  closure  and  partly  subjected  to  exact 
constraints. 

Clearly,  further  work  is  required  related  to  the  modelling 
of  the  turbulent  transport  of  second  moments  (triple  mo¬ 
ments  and  pressure  transport),  the  pressure  dilatation  and 
reaction  related  terms.  However,  the  present  model  com¬ 
pares  well  with  detailed  experimental  data  and  appears 
to  provide  a  sound  basis  for  further  improvements  also  in 
these  areas. 
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FIGURES 


Figure  1:  Predicted  and  measured  (Mastorakos  1993) 
reaction  progress  variable  predictions  along  the  cen¬ 
treline.  Symbols  (o)  experiment.  Lines  :  (-  -)  gradi¬ 
ent  diffusion  closure  for  turbulent  scalar  fluxes  with 
Cr  =  2.6;  (-  •  -)  gradient  diffusion  closure  with 
Cr  =  4.5;  ( — )  second  moment  closure  with  standard 
dissipation  equation;  ( — )  second  moment  closure  with 
extended  dissipation  equation. 


Figure  2:  Predicted  and  measured  (Mastorakos  1993) 
axial  velocity  profiles  along  the  centreline.  Velocity  is 
normalised  by  the  burner  exit  velocity  on  the  centre¬ 
line  ( u0 ).  Symbols  (o)  experiment.  Lines  :  (-  -)  gra¬ 
dient  diffusion  closure  for  turbulent  scalar  fluxes  with 
Cr  =  4.5;  ( — )  second  moment  closure  with  standard 
dissipation  equation;  ( — )  second  moment  closure  with 
extended  dissipation  equation. 
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Figure  3:  Predicted  and  measured  (Mastorakos  1993) 
axial  intensity  profiles  on  centreline.  Symbols,  lines 
and  normalisation  as  in  Figure  2. 


Figure  5:  Length  scale  evolution  in  progress  variable 
space,  on  the  centreline  for  the  flame  of  Mastorakos 
(1993).  Lines  as  in  Figure  2. 


Figure  4:  Predicted  and  measured  (Mastorakos  1993) 
radial  intensity  profiles  on  centreline.  Symbols,  lines 
and  normalisation  as  in  Figure  2. 
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Figure  6:  Predicted  and  measured  (Cheng  &  Shep¬ 
herd  1991)  axial  velocity  profiles  along  the  centreline. 
Symbols  and  lines  as  in  Figure  2. 
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Figure  7:  Predicted  and  measured  (Cheng  &:  Shepherd 
1991)  reaction  progress  variable  profiles  along  the  cen¬ 
treline.  Symbols  and  lines  as  in  Figure  2. 


Figure  9:  Predicted  and  measured  (Cheng  &  Shepherd 
1991)  radial  intensity  profiles  on  centreline.  Symbols, 
fines  and  normalisation  as  in  Figure  2. 


Figure  8:  Predicted  and  measured  (Cheng  &  Shepherd 
1991)  axial  intensity  profiles  on  centreline.  Symbols  , 
fines  and  normalisation  as  in  Figure  2. 
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Figure  10:  Length  scale  evolution  in  progress  variable 
space,  on  the  centreline  for  the  flame  of  Cheng  &  Shep¬ 
herd  (1991).  Lines  as  in  Figure  2. 
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ABSTRACT 

Twcvpoint  velocity  measurements  have  been  made  in  opposed 
jet  and  stagnation  plate  configurations,  both  in  reacting  and 
non-reactive  flows.  The  evolution  of  the  turbulence 
characteristics  for  the  two  flow  configurations  has  been 
determined  in  the  non-reactive  case,  but  only  for  the  opposed 
jet  configuration  for  the  reacting  case.  The  validity  of  the 
Taylor  hypothesis  for  large  turbulent  scales  has  been  checked. 
It  is  concluded  that  the  Taylor  hypothesis  is  not  appropriate  for 
the  opposed  jet  configuration  due  to  the  intrinsic  instability  of 
the  stagnation  plane  in  this  configuration.  In  the  reacting  case, 
the  flame  front  behaves  like  a  stagnation  plane  and  influences 
the  variation  of  turbulence  scales. 

INTRODUCTION 

The  spatial  correlation  function  of  flow  velocity  provides 
information  about  the  length  scales  of  turbulent  fluctuations. 
Laser  Doppler  velocimetry  performed  simultaneously  in  two 
points  of  the  flow  field  allows  determination  of  both 
longitudinal  and  transversal  spatial  correlations.  It  is  also 
possible  to  obtain  these  correlation  functions  from  the  time 
correlation  (or  auto-correlation)  by  invoking  the  Taylor 
hypothesis  (Taylor.  1938).  This  hypothesis  is  valid  under  the 
condition  of  isotropic  turbulence  for  a  steady  turbulent  flow 
field  exhibiting  a  dominant  mean  velocity.  However,  for 
certain  flow  configurations  the  limits  of  its  validity  are  not 
clear.  The  stagnation  point  flow  configuration  studied  here  is 
one  example  where  the  Taylor  hypothesis  has  to  be  tested.  This 
flow  configuration  is  of  interest  in  turbulent  combustion 
studies  (Cho  et  al..  1988,  Kostiuk  et  al„  1991;  Mounalm- 
Rousselle,  1993)  for  the  particular  flame  characteristics  it 
allows  (Mounaim-Rousselle  and  Gokalp,  1994).  Up  to  now, 
the  turbulent  flow  conditions  (turbulence  intensities  and  the 
integral  length  scales  obtained  via  the  Taylor  hypothesis)  at  the 
exit  of  the  burner  have  been  taken  as  the  reference  conditions 
to  characterise  the  turbulent  flame  regimes  in  this 
configuration.  However,  due  to  the  divergence  of  the  stagnation 


point  flow,  turbulence  characteristics  are  supposedly  changing 
when  approaching  the  flame  stabilised  in  the  vicinity  of  the 
stagnation  plane.  The  aim  of  this  study  is  to  characterise  the 
evolution  of  the  turbulence  characteristics  in  the  stagnation 
point  flow  and  to  determine  the  validity  limits  of  Taylor 
hypothesis  in  this  flow  configuration  (Bourguignon.  1997). 

EXPERIMENTAL  SET-UP 

Figure  1  shows  the  experimental  set-up.  Two  geometrically 
identical  burners  (30  mm  diameter)  are  mounted  on  a  computer 
controlled  two-axes  traverse  system.  The  upper  burner  is 
water-cooled.  The  burners  are  supplied  with  identical 
premixed  methane/air  mixtures.  The  nozzles  are  placed  such 
that  the  generated  opposed  jet  flow  field  produces  an 
axisymmetric  free  stagnation  plane.  The  jets  are  surrounded  by 
a  co-flow  of  air  (exit  section  50  mm)  that  homogenises  the 
turbulence  and  reduces  the  low  frequency  bouncing  of  the 
flames  (Mounaim  and  Gokalp,  1993).  Thus,  a  uniform  velocity 
profile  for  large  radial  distances  is  preserved.  A  perforated 
plate,  placed  at  40  mm  upstream  of  the  nozzle  exit  generates 
the  turbulence.  The  perforated  plates  have  3  mm  holes  and  a 
blockage  ratio  of  50%.  The  turbulence  intensity  at  the  exit  of 
the  nozzle  is  10%  with  an  integral  length  scale  of  3.5  mm. 

The  flow  velocities  are  measured  by  laser  Doppler 
velocimetry  operated  in  the  one-component  mode,  where  only 
the  axial  mean  and  fluctuating  velocities  are  measured.  A  1.5 
Watts  green  (514.5  nm)  beam  from  an  argon-ion  laser  is 
focused  in  an  optical  fibre.  The  green  beam  is  separated  into 
two  beams  ;  one  is  frequency  shifted  by  a  Bragg  cell  and  a 
differential  frequency  of  5  MHz  is  used  to  remove  the 
directional  ambiguity. 

The  probe  volume  arrangement  for  two  point  measurements  is 
inspired  from  Pfeifer  (1986).  The  first  probe  volume  is  formed 
by  the  incoming  two  laser  beams.  Light  scattered  out  from  this 
probe  volume  is  collected  by  a  lens  and  focused  onto  the  first 
photo-multiplier.  The  second  probe  volume  is  produced  by 
imaging  the  first  probe  volume  with  a  spherical  mirror.  Light 
scattered  from  the  second  probe  volume  is  directed  onto  the 
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second  photo-multiplier.  The  distance  separating  the  probe 
volumes  may  be  varied  from  zero  to  30  mm  by  turning  the 
spherical  mirror  and  by  displacing  the  second  probe  volume 
and  the  second  collection  optics. 

Doppler  bursts  are  collected  by  two  photo-multipliers  placed 
in  the  forward  scattering  direction  for  each  probe  volume  at 
approximately  15c  from  the  optical  axis.  The  signals  (low 
passed  at  10  MHz,  and  high  passed  at  1  MHz)  are  analysed  by 
a  TSI  processor  IFA  755  to  determine  the  local  flow  velocity. 
The  signals  from  the  LDV  processor  are  amplified  before 
computer  storage  for  post-processing.  The  data  are  analysed  to 
obtain  the  mean  and  rms  fluctuations  of  the  velocity.  Seeding  is 
provided  by  oil  droplets  with  mean  size  less  than  1  (am 
introduced  into  the  flow  by  an  atomiser. 

The  figure  2  shows  the  measurement  arrangement.  One- 
component  velocity  measurements  are  made  along  the  axial 
direction.  The  first  step  for  the  measurement  consists  in 
making  the  two  probe  volumes  merged.  The  second  step  is  to 
separate  progressively  the  second  volume  from  the  first  one 
which  is  fixed.  The  velocity  measurements  are  made 
simultaneously  for  the  two  probe  volumes  by  using  the 
coincidence  mode  acquisition  and  a  coincidence  time  window 
of  10  (is. 

EXPERIMENTAL  RESULTS 
Non  reactive  flows 

Experiments  were  conducted  on  two  stagnation  point  flow 
configurations  the  stagnation  plate  stabilised  flow 
(configuration  A)  and  the  opposed  jet  flows  (configuration  B). 
Earlier  studies  of  Mounaim-Rousselle  (1993)  have  shown  that 
in  the  opposed  jet  configuration,  the  stagnation  plane  is 
unstable  and  generates  perturbations  at  low  frequencies  in  the 
flow  field.  This  issue  can  be  pointed  out  by  comparing  the 
auto-correlation  functions  obtained  for  the  two  configurations 
coefficients  of  the  configuration  B  are  higher  for  larger  time 


(figure  3  and  figure  4).  at  the  same  position  in  the  flow  and  for 
the  same  exit  conditions.  They  show  that  the  auto-correlation 
delays  than  for  the  configuration  A.  The  low  frequency 
movements  of  the  flow  in  configuration  B.  due  to  the 
stagnation  plane  instabilities,  induce  an  increase  of  the  auto¬ 
correlation  coefficients  for  high  time  delays.  Consequently,  the 
determination  of  the  integral  time  scale  from  the  auto¬ 
correlation  functions  will  he  affected.  Indeed,  one  can  apply 
two  usual  methods  to  determine  the  integral  time  scale  from 
the  auto-correlation  function  :  first,  by  integrating  the  auto¬ 
correlation  function  from  zero  time  delay  to  the  time  delay  for 
which  the  auto-correlation  coefficient  is  equal  to  0.  or.  second, 
by  equating  it  to  the  time  delay  for  the  auto-correlation 
coefficient  equal  to  1/e.  These  two  methods  are  used  here  for 
the  two  configurations,  between  the  exit  of  the  burner 
(Z/D=  1),  with  D  the  diameter  of  the  burner,  and  the  axial 
position  Z/D  =  0.2  near  the  stagnation  plane.  For  the 
configuration  A  (figure  5).  the  two  methods  give  the  same 
results.  In  this  case,  the  auto-correlation  function  can  be 
approximated  by  an  exponential  function.  On  the  other  hand, 
the  results  obtained  for  configuration  B  are  different  (figure  6); 
the  auto-correlation  function  here  can  not  be  represented 
entirely  by  an  exponential  function,  because  of  its  behaviour  at 
long  time  delays.  This  is  an  important  point  because  of  its 
influence  on  the  determination  of  the  integral  length  scales  via 
the  Taylor  hypothesis.  In  order  to  verify  the  validity  of  the 
Taylor  hypothesis  for  the  two  stagnation  point  flow 
configurations,  we  performed  a  comparison  between  the 
integral  length  scale  obtained  via  the  Taylor  hypothesis  and  the 
one  directly  determined  by  using  the  two-point  LDV 
measurements.  This  technique  allows  us  to  determine  the 
space-time  correlation  between  the  two  probe  volumes.  From 
these  space  time  correlation  functions,  the  spatial  correlation 
function  is  obtained  for  zero  time  delay,  which  then  allows  us 
to  determine  the  integral  length  scale. 


PC 


FIGURE  1  -  SCHEMATIC  REPRESENTATION  OF  THE  EXPERIMENTAL  SET-UP 
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FIGURE  2  -  EXPERIMENTAL  CONFIGURATION  FOR 
VELOCITY  MEASUREMENTS 


At  (m  s) 

FIGURE  3  -  AUTO-CORRELATION  FUNCTION  Ru(At) 
FOR  CONFIGURATION  A 

There  is  then  two  possibilities  (figure  7).  If  the  two  probe 
volumes  can  be  separated  enough  to  obtain  a  spatial  correlation 
coefficient  between  the  two  points  equal  to  zero  (which  is  the 
case  for  measurement  positions  close  to  the  burner  exit  section, 
Zi  =  -  27  mm  on  figure  7),  then  the  spatial  correlation  function 
is  entirely  determined.  However,  if  the  two  probe  volumes  can 
not  be  separated  enough,  because  of  the  presence  of  the 
stagnation  plane  (which  is  the  case  for  measurement  points  in 
the  vicinity  of  the  stagnation  plane,  Zi  =  -  6  mm  on  figure  7), 
then  the  spatial  correlation  function  is  truncated.  In  order  to 
find  a  general  method  to  determine  the  integral  length  scales  in 


FIGURE  4  -  AUTO-CORELATION  FUNCTION  Ru(At) 
FOR  CONFIGURATION  B 


Z/D 

FIGURE  5  -  VARIATION  OF  THE  INTEGRAL  TIME  SCALE 
FOR  CONFIGURATION  A 


all  cases,  we  compare  here  the  two  methods  to  determine  the 
integral  length  scale  (integration  of  the  spatial  correlation 
function  or  the  value  of  the  separation  between  the  probe 
volumes  for  a  spatial  correlation  coefficient  equal  to  1/e). 
Figure  8  shows  the  determination  of  the  integral  length  scale 
by  using  the  two  methods  when  the  spatial  correlation  function 
is  entirely  determined.  The  results  are  identical  in  this  case. 
Therefore,  concerning  the  truncated  spatial  correlation 
functions,  we  use  the  method  at  1/e  to  estimate  the  integral 
length  scale. 
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FIGURE  6  -  VARIATION  OF  THE  INTEGRAL  TIME  SCALE 
FOR  CONFIGURATION  B 
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FIGURE  9  -  AXIAL  VARIATION  OF  THE  INTEGRAL 
LENGTH  SCALE  FOR  CONFIGURATION  A 
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FIGURE  7  -  SPATIAL  CORRELATION  FUNCTIONS  FIGURE  10  -  AXIAL  VARIATION  OF  THE  INTEGRAL 

FOR  CONFIGURATION  A  LENGTH  SCALE  FOR  CONFIGURATION  B 


FIGURE  8  -  COMPARISON  BETWEEN  THE  TWO  FIGURE  1 1  -  SPECTRAL  DENSITY  FUNCTIONS 

METHODS  FOR  THE  DETERMINATION  OF  THE  FOR  CONFIGURATION  B 

INTEGRAL  LENGTH  SCALE 
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FIGURE  13  -  COMPARISON  BETWEEN  EXPERIMENTAL 
DATA  AND  MODEL  PREDICTIONS 


We  can  now  determine  the  variation  of  the  integral  length 
scale  for  the  two  configurations  (figure  9  and  figure  10)  and 
compare  with  the  results  obtained  with  the  Taylor  hypothesis. 
We  can  see  that  the  two  methods  are  in  agreement  in  the  case 
of  configuration  A.  for  measurements  between  0.2  <  Z/D  <  1 . 
In  the  case  of  the  measurements  made  in  the  configuration  B 


FIGURE  1 4  -  LONGITUDINAL  SPACE  CORRELATION 
FUNCTIONS  IN  REACTING  AND  NON-REACTING  FLOWS 
FOR  CONFIGURATION  B 
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FIGURE  15  -  INFLUENCE  OF  THE  TURBULENT  FLAME 
FRONTON  THE  EVOLUTION  OF  THE  INTEGRAL 
LENGTH  SCALE 

(figure  10).  the  results  obtained  via  the  Taylor  hypothesis  lead 
to  an  overestimation  of  the  integral  length  scale  compared  to 
two-point  measurements.  In  the  case  of  configuration  B  (figure 
4).  due  to  the  instability  of  the  stagnation  plane,  an  important 
fraction  of  the  turbulent  kinetic  energy  is  concentrated  at  low 
frequencies,  as  shown  by  the  spectra  on  figure  II,  between  0 
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and  100  Hz.  These  low  frequencies  affect  the  auto-correlation 
functions  so  that  we  can  not  use  them  to  evaluate  the  integral 
time  scale  (and  consequently  the  integral  length  scale). 

If  we  compare  the  results  obtained  directly  by  two-point 
measurements  (figure  12),  we  also  note  a  difference  of  the 
evolution  of  the  integral  length  scale  between  the  two 
configurations. 

Comparison  with  the  model  predictions 

The  experimental  results  for  configurations  A  and  B  are 
compared  with  two  models  (figure  13).  The  first  one  is  for 
opposed  jets,  with  a  k-E  turbulence  model  by  Bray  et  al. 
(1994) ;  the  second  one  is  a  Reynolds  stress  model  by 
Champion  and  Libby  (1993).  To  proceed,  they  introduced  a 
dimensionless  turbulent  kinetic  energy  K(£)sk(£)/ko  and  a 
dimensionless  mean  viscous  dissipation  rate  E(£)s£(Od/koUo  , 
with  ko  and  Do,  the  turbulent  kinetic  energy  and  the  mean  axial 
velocity  at  the  exit  of  the  burner,  respectively  and  £=Z/d,  a 
dimensionless  axial  position  in  the  flow.  A  definition  of  the 
integral  length  scale  at  the  exit  of  the  burner  is  given  by 
Ln=ko3/2/£o  ,  and  in  the  flow  by  L(Q=k(^)'V2/£(C)  (Champion 
and  Libby,  1993).  They  show  that  the  evolution  of  the 
turbulence  from  the  exit  to  the  neighbourhood  of  the  stagnation 
plane  is  subject  to  initial  conditions,  at  the  exit  of  the  burner 
(f  =  1).  These  initial  conditions  can  be  grouped  as 
E(l)  =  ki1/2d/LoUo.  Figure  13  shows  the  distribution  of  a 
dimensionless  measure  of  the  turbulent  length  scale 
K(03,2/E(Q=L(0/LoE(1)  for  a  value  of  E(l)=  1.  The 
experimental  conditions  are  here  very  close  to  those  of  the 
model  with  E(1  )=  1 .05.  The  qualitative  evolution  of  the 
integral  length  scale  is  found  to  be  in  agreement  with  the 
distribution  given  by  the  model  predictions  However, 
quantitatively,  the  Reynolds  stress  model  give  better  results. 
The  evolution  of  the  turbulent  length  scale  for  configuration  A 
is  well  represented.  In  the  case  of  configuration  B,  the 
evolution  of  the  integral  length  scale  is  underestimated  by  the 
Reynolds  stress  model.  This  seems  to  be  due  to  the  fact  that  the 
model  does  not  into  account  take  the  influence  of  the 
hydrodynamic  instability  of  the  stagnation  plane  on  the  global 
evolution  of  the  turbulent  structure  of  the  flow. 

REACTIVE  OPPOSED  JET  FLOWS 

Figure  14  shows  the  spatial  correlation  functions  at  two 
different  axial  locations  of  the  fixed  measurement  volume,  for 
the  reacting  case  with  the  opposed  jet  configuration.  The 
equivalence  ratio  of  the  flame  is  0.7  ,  and  this  lean  flame  is 
very  close  to  extinction.  For  both  measurement  locations,  the 
spatial  correlation  functions  in  the  reacting  and  non-reacting 
cases  are  identical,  indicating  that  the  lean  flame  is  not  enough 
energetic  to  modify  the  turbulence  structure  in  the  upstream 
flow  and  non-reacting  turbulence  characteristics  can  be  used 
for  predicting  flame  extinction  conditions.  If  we  observe  now 
the  influence  of  richer  flames  (figure  15),  farther  from 
extinction  limits,  we  note  that  the  flame  front  has  an  effect  on 
the  upstream  flow.  The  turbulent  structures  are  then 
perceptively  modified  from  the  exit  of  the  burner  to  the  flame 
front.  The  global  evolution  of  the  integral  length  scale  is  the 
same  as  the  non  reactive  case  but  the  flame  front  acts  as  a 
stagnation  plane  and  force  the  turbulence  scale  to  be  modified. 


CONCLUSION 

Two-point  velocity  measurements  have  been  made  in  opposed 
jet  flow  and  stagnation  plate  configurations.  The  Taylor 
hypothesis  is  valid  in  a  flow  stabilised  by  a  plate  for  the  large 
scale  of  the  turbulence  when  Z/D>0.2.  but  can  not  be  used  to 
evaluate  the  integral  length  scale  of  the  turbulence  in  an 
opposed  jet  flow  due  to  the  influence  of  the  hydrodynamic 
instability  of  the  stagnation  plane  and  its  consequence  on  the 
auto-correlation  function.  The  integral  length  scales  are 
compared  with  the  model  predictions.  The  second  order  (i.e. 
Reynolds  stress)  model  can  predict  the  global  evolution  of  the 
integral  length  scale  in  a  turbulent  impinging  jet.  In  the 
reactive  case,  the  flame  front  is  found  to  behave  like  a 
stagnation  plane  and  able  to  modify  perceptively  the  turbulent 
structure  in  the  upstream  flow 
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ABSTRACT 

This  paper  presents  the  results  of  the  experimental 
study  of  the  turbulent  flow  of  air  in  a  circular  pipe  with  helical 
type  internal  turbulence  promoters.  A  Pitot  tube  and  hot  wires 
were  applied  for  the  measurements  of  velocity,  velocity 
fluctuations  and  Reynolds  stresses.  Statistical  functions  of  the 
velocity  fluctuations,  as  Auto-Spectral  Density  Functions  and 
Auto-Correlations,  were  also  determined.  Results  show  that,  in 
general,  turbulence  characteristics  in  the  pipes  with  helical 
turbulence  promoters  have  similar  behavior  as  in  the  smooth 
pipe,  with  higher  values.  Velocity  distribution  is  affected  by 
the  presence  of  an  azimuthal  velocity  component  which  gives 
an  helical  behavior  to  the  flow  in  this  geometry. 

INTRODUCTION 

Heat  transfer  enhancing  devices,  like  fins  or 
turbulence  promoters,  are  found  in  heat  exchange  equipments 
in  the  nuclear  and  process  industries.  They  are  used  with  the 
purpose  of  increasing  the  heat  removal  ratios  from  a  surface  to 
a  coolant.  Thermal  hydraulical  analysis  of  these  equipments 
must  lead  to  the  correct  prediction  of  heat  exchange  ratios  and 
temperature  distribution,  which  is  necessary  for  the  subsequent 
structural  analysis,  leading  to  safe  and  reliable  operating 
conditions  of  the  equipments. 

Thermal  hydraulical  analysis  is  made  by  the  solution 
of  balance  equations  for  mass,  momentum  and  energy.  In 
turbulent  flows,  these  equations  become  more  complicated  due 
to  the  presence  of  the  Reynolds  stresses,  leading  to  the  so 
called  closure  problem  of  turbulence  (Hinze,  1975). 
Experimental  studies  for  the  determination  of  turbulence 
characteristics  are  necessary  for  the  development  and 
validation  of  models  or  methods  for  the  solution  of  these 
equations. 

Studies  of  flow  and  heat  transfer  in  ducts  or  channels 
with  artificial  roughness  or  turbulence  promoters,  and  their 
consequences,  have  being  subject  of  the  interest  of  many 
authors,  starting  with  Nikuradse  (1950),  the  experiment  of 
Rehme  (1978)  in  roughened  rod  bundles,  Chiou  (1987)  and 
Kim  and  Webb  (1993)  and,  more  recently,  the  results  of 


Blanco  (1996)  in  a  heated  circular  pipe  with  helical  turbulence 
promoters.  By  means  of  the  analysis  of  temperature 
fluctuations,  Blanco  (1996)  and  Blanco  and  Mailer  (1996) 
show  that  the  structure  of  the  turbulent  flow  is  strongly 
affected  by  this  type  of  turbulence  promoters.  In  general,  these 
works  show  the  characteristics  of  flow  and/or  heat  transfer 
parameters,  like  pressure  drop,  velocity  and  turbulence 
characteristics  distribution,  heat  transfer  coefficient,  etc.,  and 
confirm  the  fact  that  the  insertion  of  artificial  roughness  or 
turbulence  promoters  increases  momentum  exchange  and,  in 
heated  channels,  the  heat  exchange  ratio.  The  use  of  turbulence 
promoters  is,  therefore,  attractive,  and  must  be  considered  in 
applications  where  the  heat  transfer  must  be  enhanced. 

The  purpose  of  this  paper  is  to  describe  results  of 
measurements  of  turbulence  characteristics  in  a  circular  pipe 
with  helical  type  internal  turbulence  promoters,  as  described  in 
more  detail  in  Vicari  (1996). 


EXPERIMENTAL  PROCEDURE 

A  scheme  of  the  test  section  is  shown  in  Figure  1 . 
Measurements  of  air  flow  velocity  and  velocity  fluctuations 
were  performed  radially,  at  three  axial  positions  before  the 
outlet  of  a  6.0  m  long  PVC  pipe  with  65  mm  internal  diameter. 
In  a  length  of  1 .2  m  of  the  pipe,  corresponding  to  the  region  of 
the  outlet,  turbulence  promoters,  obtained  by  the  insertion  of 
helical  springs  made  of  copper  wires  of  two  different 
diameters,  and  a  fixed  pitch  of  about  30  mm,  were  inserted. 
Position  1  is  about  30  mm  of  the  outlet.  The  probes  in  this  case 
were  placed  close  to  the  spring  for  the  beginning  of  the  radial 
traverse.  Position  2  corresponds  to  a  traverse  in  the 
intermediate  positions  between  two  turns  of  the  spring. 
Position  3  is  similar  to  1.  It  was  chosen  with  the  purpose  of 
investigating  if  the  flow  was  developed.  Radial  position  was 
measured  by  means  of  a  micrometer  and  a  contact  sensor,  with 
a  total  accuracy  of  0.02  mm.  Table  1  lists  geometry  and  flow 
conditions  investigated. 

Velocity  was  measured  by  means  of  Pitot  tubes  with 
1.3  mm  external  diameter  connected  to  a  Hartmann  &  Braun 
ARA  500  pressure  transmitter.  Velocity  and  velocity 
fluctuations  for  the  measurements  of  Reynolds  normal 
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TABLE  1:  Flow  conditions. 


Figure  1 :  Schematic  view  of  the  test  section  (outlet). 


(turbulence  intensities)  and  shear  stresses  were  obtained  by 
means  of  a  DANTEC  55M  hot  wire  anemometer.  Axial 
velocity  and  its  fluctuations  were  measured  with  a  hot  wire 
probe,  with  a  single  wire  perpendicular  to  the  direction  of  the 
main  flow  (called  “straight”  wire  probe).  Radial  and  azimuthal 
velocity  components,  as  well  as  turbulence  intensities  and 
Reynolds  shear  stresses  in  these  directions,  were  obtained  by 
means  of  a  single  wire  probe,  having  the  wire  45°  inclined  with 
respect  to  the  main  flow  direction  (called  “slant”  wire  probe) 
and  the  results  of  the  measurements  with  the  “straight”  wire 
probe  using  Collis  relations  (Collis  and  Williams,  1959)  and 
the  method  proposed  by  Hooper  (Hooper,  1980;  Vos4hlo,  1984; 
MOller  1988),  adapted  for  this  research  work. 

Data  acquisition  was  carried  out  with  help  of  a 
Keithley  DAS- 5  8  A/D  converter  board  connected  to  a  personal 
computer.  Velocity  and  Reynolds  stresses  measurements,  were 
performed  with  a  sampling  frequency  of  1  kHz  and  a  time 
record  of  10  seconds.  For  spectral  analysis  a  sampling 
frequency  of  50  kHz  was  used  and  the  hot  wire  output  signals 
were  high  pass  filtered  at  1  Hz  while  a  low  pass  filter  set  at  20 
kHz  was  also  applied.  In  both  cases  hot  wire  output  signals 
were  amplified  10.7  times. 

Before  inserting  the  turbulence  promoters, 
measurements  were  performed  in  the  smooth  pipe  with  the 
purpose  of  verifying  the  adequacy  of  measurement  and 
evaluation  techniques.  Results  of  the  measurements  in  the 
smooth  pipe,  compared  to  the  literature,  showed  no  significant 
discrepancies  for  the  velocity  and  Reynolds  stresses 
distributions. 

Analysis  of  uncertainties  in  the  results  shows  a 
contribution  of  1.4  %  from  the  measurement  equipments 
(including  hot  wire,  pressure  transducer  and  A/D  converter). 

RESULTS 
Velocity  Field 

Figure  2  shows  the  dimensionless  velocity  profile, 
obtained  with  all  measurements  techniques  applied.  For 
comparison,  as  a  continuous  line,  is  shown  also  Nikuradse’s 
“Law  of  the  Wall”  (Nikuradse,  1932)  distribution  of  the  time- 

averaged  velocity  U  of  the  turbulent  isothermal  flow  in  a 
smooth  pipe,  scaled  with  the  friction  velocity  u*,  given,  in 
dimensionless  form  by 

«+  =2,5  In +5,5  (1) 


Probe 

Smooth 

a/R=0.086 

a/R=0.101 

T(°C) 

20.00 

19.20 

22.40 

P(mmHg) 

759.0 

762.4 

765.0 

Um(m/  s) 

12.48 

11.77 

11.85 

Re 

53674 

51250 

50642 

u*  (m/s) 

0.655 

1.755 

2.062 

In  general,  the  curves  have  a  behavior  similar  to  the  “Law  of 
the  Wall”  with  slightly  increasing  slopes  but  very  lower  values. 

Overbars  will  denote,  henceforth,  time  averaged 
quantities. 

The  same  comparison  can  be  made  to  Nikuradse’s 
law  for  the  rough  pipe  (Nikuradse,  1950), 

u*  =  2,5\n(y!a)  +  8,48  (2) 

where  a  is  the  height  of  roughness  elements  (sand  in 
Nikuradse’s  work).  In  the  present  work,  a  represents  the 
diameter  of  the  turbulent  promoters.  A  similar  behavior  for  the 
pipes  with  turbulence  promoters  observed  in  Figure  2  can  be 
found  in  Figure  3.  The  lower  values  of  dimensionless  axial 
velocity  profiles  in  the  pipes  with  helical  turbulence  promoters, 
shown  in  both  figures  2  and  3,  can  be  immediately  attributed  to 
the  raise  in  the  friction  velocity  by  the  action  of  the  turbulence 
promoters  which  increases  mean  wall  shear  stress. 

This  behavior  can  be  associated  also  to  the  presence 
of  a  radial  and  an  azimuthal  components  of  the  mean  velocity 
vector,  shown  in  Figures  4  and  5,  respectively  V  and  W, 
scaled  with  the  velocity  at  the  center  of  the  pipe  U^.  Near  the 
wall  the  azimuthal  component  have  values  that  reach  about 
10%  of  Umax,  decreasing  to  zero  in  the  center  of  the  pipe, 
showing  the  helical  behavior  of  the  flow,  reflected  also  in  the 
radial  component,  responsible  for  the  flow  redistribution. 

Turbulence  Measurements 

The  normal  components  of  the  Reynolds  stress  tensor 
are  usually  presented  in  form  of  turbulence  intensities,  i.e.  the 
square  root  of  the  mean  square  value  of  the  component  of  the 
velocity  fluctuation  in  axial,  radial  and  azimuthal  directions, 
respectively,  scaled  with  the  friction  velocity. 

The  analysis  of  the  turbulence  intensity  in  axial 
direction.  Figure  6,  shows,  for  the  pipe  with  the  smaller  a/R 
ratio,  magnitudes  similar  to  those  obtained  in  the  smooth  pipe. 
By  increasing  the  a/R  ratio,  the  values  of  dimensionless  axial 
turbulence  intensities  decrease,  although  their  actual  values  are 
higher  than  in  the  smooth  pipe  or  in  the  pipe  with  the  smallest 
a/R  ratio,  due  to  the  raise  of  the  flow  resistance  and  of  the 
friction  velocity  due  to  the  helicoids. 

An  interesting  feature  of  this  component  is  the 
presence  of  an  inflection  in  the  largest  a/R  ratio.  The  resulting 
distribution  has  almost  constant  values  for  y/R  less  than  0.4 
and  greater  than  0.8.  This  behavior  can  be  attributed  to  the 
azimuthal  component  of  the  velocity  and  to  the  helicoidal 
motion  induced  by  the  turbulence  promoters 

The  other  two  components,  presented  in  Figures  7 
and  8,  show,  in  general,  lower  values  as  in  the  smooth  pipe. 
Only  the  measurements  performed  at  Position  1  in  the  largest 
a/R  ratio  are  slightly  higher  than  the  values  in  the  smooth  pipe. 
The  values  of  the  azimuthal  and  radial  turbulence  intensities  in 
the  presence  of  the  turbulence  promoters  are  higher  in  the  pipe 
with  the  largest  a/R  ratio. 
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Figure  2:  Dimensionless  axial  velocity  profiles  in  the  smooth 
pipe  and  in  the  pipes  with  turbulence  promoters. 
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Figure  3:  Dimensionless  axial  velocity  profiles  in  the  pipes 
with  helical  turbulence  promoters. 


This  behavior  is  reflected  in  the  plot  of  the 
turbulence  kinetic  energy,  Fig.  9,  defined  as 

k'=^(u'7  +v'J  +w’2)  (3) 

In  Fig.  9,  the  values  of  k  ’,  scaled  with  the  square  of  the  friction 
velocity  u*,  in  the  presence  of  the  turbulence  promoters  are 
lower  than  in  the  smooth  pipe,  due  to  the  raise  in  the  friction 
velocity,  but  the  pipe  with  the  largest  a/R  ratio  presents  higher 
values  of  the  scaled  kinetic  energy.  Helical  turbulence 
promoters,  therefore,  increase  the  turbulence  intensities  in 
radial  and  azimuthal  directions,  rather  than  axial  direction. 

The  dispersion  observed  in  the  results  of  radial 
turbulence  intensity  is  attributed  to  the  velocity  gradient  along 
the  probe  wire,  to  uncertainties  in  the  axial  positioning  of  the 
probe,  and  to  the  fact  that,  with  the  present  technique  the  probe 
must  be  rotated  1 80°  to  perform  the  measurements. 


Figure  5:  Dimensionless  radial  velocity  profiles  in  the  pipes 
with  helical  turbulence  promoters. 
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Figure  5:  Dimensionless  azimuthal  velocity  profiles  in  the 
pipes  with  helical  turbulence  promoters. 

Spectral  Analysis 

The  Fourier  Analysis  is  a  valuable  tool  for  the  study 
of  random  phenomena,  being  widely  applied  to  turbulence 
studies.  Usually,  random  data  are  presented  in  form  of  timp 
series,  representing  a  continuous  (analog)  function  of  time, 
sampled  for  digital  analysis  with  a  frequency  f  as  a  sequence  of 
numbers  at  regular  time  intervals. 

The  autospectral  density  function  (or  power 
spectrum)  represents  the  rate  of  change  of  the  mean  square 
value  of  a  certain  time  function  with  the  frequency  f  (Bendat 
and  Piersol,  1986)  for  an  adequate  integration  (observation) 
time  0.  In  the  Fourier  space,  the  autospectral  density  function 
will  be  defined  as  the  Fourier  transform  of  the  autocorrelation 
function,  defined  as  the  mean  value  of  the  product  of  this 
function  at  a  time  t,  with  its  value  at  a  time  t+r. 

By  defining  an  one  dimensional  wave  number 

kt  =2xf/U  (4) 
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Figure  6:  Axial  turbulence  intensity  distribution. 


Figure  9:  Kinetic  energy  of  turbulence. 


Figure  7:  Radial  turbulence  intensity  distribution. 


Figure  8:  Azimuthal  turbulence  intensity  distribution. 


the  wave  number  spectrum  of  a  component  u '  of  the  fluctuating 
velocity  will  be  given  by 

<l,M  =  ~KAf)  (5) 

Z7l 

Equations  (6)  and  (7)  can  be  rewritten  in 
dimensionless  form  as 


and 


k ;  =  ktD 


KAK) 


UlD 


(6) 

(7) 


Figures  10  to  12  present  the  autospectral  density  of 
velocity  fluctuation  on  the  axial  direction  of  the  flow,  in  the 
three  geometries  investigated.  The  autospectral  densities  are 
higher  when  the  turbulence  promoters  are  inserted,  however 
there  must  exist  an  optimized  ratio  for  e/R,  for  maximum 
production  of  energy  since  the  values  are  higher  for  e/R=0.086 
than  for  e/R=0. 1015. 

In  general  there  is  a  reduction  of  the  production  range 
(-1 )  as  the  distance  to  the  wall  is  increased,  but  the  extension 
of  this  range  is  reduced  with  increasing  a/R  ratio.  In  this  case, 
it  is  also  noticed  that  the  region  with  -5/3  exponent  is 
increased,  indicating  that  the  production  range  becomes  shorter 
(as  the  -5/3  exponent  in  the  spectra  appears  for  smaller  wave 
numbers)  and  that  the  diffusion  of  energy  increases.  At  high 
wave  numbers,  the  spectra  start  to  assume  a  -7  exponent.  The 
several  narrow  peaks  at  the  end  of  the  curves  were  produced  by 
the  high  pass  filter,  without  any  meaning  in  this  analysis. 

It  is  useful  to  define  an  auto  correlation  coefficient 
function  Cu  u-,  obtained  by  scaling  the  autocorrelation  by  the 
mean  square  values  of  u’.  The  results  of  C„v,  presented  in 
Figs.  13,  show  that,  as  the  probe  is  moved  to  the  center  of  the 
pipe,  CuV  tends  more  rapidly  to  zero.  This  occurs  also  by 
including  turbulence  promoters  and  increasing  a/R  ratio. 
Although  turbulence  intensities  increase  due  to  the  turbulence 
promoters,  time  scales  are  reduced,  even  in  the  regions  near 
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the  walls,  confirming  the  reduction  in  the  production  (-1  range) 
in  the  spectra  and  the  enhancement  of  the  turbulent  diffusion. 


ip 


CONCLUDING  REMARKS 

This  paper  presents  the  experimental  result  of  the 
temperature  fluctuations  in  a  pipe  with  internal  helical 
turbulence  promoters. 

The  presence  of  this  type  of  turbulence  promoters 
influences  the  velocity  distribution  law,  but  still  having  a 
behavior  similar  to  Nikuradse’s  “Law  of  the  Wall”  for  the 
smooth  pipe  with  lower  values  as  the  a/R  ratio  is  increased. 
The  same  was  observed  when  the  comparison  was  made  with 
Nikuradse’s  law  for  the  rough  pipe.  This  is  attributed  to  the 
raise  in  the  friction  velocity  by  the  action  of  the  turbulence 
promoters  and  by  the  presence  of  an  azimuthal  component  of 
the  main  velocity  which  gives  an  helicoidal  behavior  to  the 
main  flow. 

Turbulence  intensities  are  also  influenced  by  the 
helicoidal  flow,  with  higher  values  than  in  a  smooth  pipe, 
although  this  fact  is  not  shown  in  the  dimensionless 
representations,  due  to  the  higher  values  of  the  friction 
velocity. 

The  main  feature  of  the  flow  in  pipes  with  helical 
turbulence  promoters  will  be  the  reduction  in  the  production 
range  of  kinetic  energy  and  high  turbulence  diffusion. 

Future  investigations  will  map  the  entire  flow  field  in 
a  cross  section  of  the  pipe,  to  explain  more  clearly  the  presence 
and  effects  of  the  radial  and  azimuthal  velocity  components. 
Double  wire  probes  will  be  used  for  spectrum  measurements. 
The  search  for  a  friction  law  (including  pressure  drop  and  wall 
shear  stress  distribution)  is  also  necessary. 
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Figure  10:  Autospectral  Density  of  Axial  Velocity  Fluctuations 
in  the  smooth  pipe. 


Figure  11:  Autospectral  Density  of  Axial  Velocity  Fluctuations 
in  the  pipe  with  turbulence  promoters  (a/R=0.086)  Pos.  1. 


Figure  12:  Autospectral  Density  of  Axial  Velocity  Fluctuations 
in  the  pipe  with  turbulence  promoters  (a/R=0.101)Pos.  1. 

LIST  OF  SYMBOLS 

a  Height  of  turbulence  promoter  -  m. 

At  Cross  section  area  -  m2. 

C„v  Cross  correlation  coefficient  function. 

D  Pipe  diameter  -  m. 

ki  Wave  number  -  m'1. 

k]+  Dimensionless  wave  number  (kj  D). 

r  Radial  coordinate  -  m. 

R  Pipe  radius  -  m. 

Re  Reynolds  number  (U„,  D/  v). 

t  Time  -  s. 

U  Axial  velocity  -  m/s. 

u'  Axial  velocity  fluctuation  -  m/s. 

Um  Mean  axial  velocity  -  m/s. 

Unux  Maximal  axial  velocity  -  m/s. 
u*  Friction  velocity  (rw/p)1/2  -  m/s. 
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<f>u,u,  Autospectral  density  function  (m2/s2Hz). 

<J)+u,u,  Dimensionless  autospectral  density  function, 
v  Kinematic  viscosity  -  m2/s. 

p  Density  -  kg/m3. 

Tw  Wall  shear  stress  -  Pa. 
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Figure  13:  Autocorrelation  coefficient  functions  at  several 
locations  in  the  smooth  pipe  and  in  the  pipes  with  turbulence 
promoters  with  a/R=0.086  and  a/R=0.1015. 


Radial  velocity  -  m/s. 

Radial  velocity  fluctuation  -  m/s. 
Azimuthal  velocity  -  m/s. 
w’  Azimuthal  velocity  fluctuation  -  m/s. 

y  Distance  to  pipe  wall  -  m. 
y+  Dimensionless  wall  distance  (yu*/v). 

u+  Dimensionless  velocity  ( U  /u*). 
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ABSTRACT 

Conditional  averaged  patterns  on  the  outer  layer  of  a 
turbulent  boundary  layer  has  been  investigated  for  further 
understanding  of  the  developing  process  of  the  boundary  layer 
interacting  with  the  spanwise  periodic  longitudinal  vortex 
arrays  which  is  artificially  generated  in  a  free  stream.  Two 
parameters,  namely,  spanwise  periodicity  of  the  longitudinal 
vortex  arrays  US  and  the  arrangement  height  of  airfoil  arrays, 
were  independently  varied  for  five  cases.  Intermittency  factor 
profiles  revealed  the  effect  of  pairs  of  counterrotating  secondary 
flows  which  showed  the  downwash  flow'  at  the  midspan  of  the 
airfoil,  and  conversely,  the  upwash  flow  for  the  center  slice  of 
neighboring  airfoils.  Intermittency  factors  are  remarkably 
affected  by  the  spacing  between  neighboring  airfoils.  The 
value  of  the  intermittency  factor  becomes  smaller  in  the  inner 
layer  with  increasing  values  of  US  at  the  midspan  of  the  airfoil. 

INTRODUCTION 

In  our  previous  papers(Osaka  and  Fukushima  1992,  1996), 
a  flowfield  in  which  the  spanwise  periodic  longitudinal  vortex 
arrays  generated  in  the  free  stream,  moving  downstream, 
interact  with  the  turbulent  boundary  layer  were  investigated 
experimentally.  In  those  studies,  it  was  found  that  the 
upwash  and  downwash  secondary  flows  are  caused  within  the 
boundary  layer  due  to  the  longitudinal  vortices,  and  then  the 
turbulence  quantities  reveal  spanwise  periodic  or  aperiodic 
variations  depending  on  the  value  of  US  ( L  denotes  the 
spanwise  distance  between  neighboring  airfoils,  S  the  airfoil 
span).  However,  in  order  to  understand  the  relationship 
between  the  behavior  of  the  longitudinal  vortex  arrays,  and  the 
modification  of  the  spatial  structure  in  the  turbulent  boundary 
layer,  it  is  necessary  to  discuss  the  process  of  the  longitudinal 
vortex  arrays  breaking  into  the  turbulent  boundary  layer, 
considering  the  modification  of  turbulent/non-turbulent  motions 
in  the  outer  layer. 

There  have  been  few  papers  discussing  the  development  of 
the  turbulent  boundary  layer  interacting  with  the  longitudinal 


vortex  arrays  generated  in  the  free  stream  excluding  our 
papersfFuruya  et  al.  1975a~1979,  Osaka  et  al.  1977,  and 
Nakamura  et  al.  1987a).  Nakamura  et  al.(  1987b)  examined 
the  intermittent  motions  in  the  outer  region  of  the  turbulent 
boundary  layer  in  the  case  of  L/S=  1.  They  found  that  the 
longitudinal  vortex  arrays  cause  the  spanwise  variation  of  the 
intermittency  factor  profiles;  which  differ  at  relative  spanwise 
positions  of  the  arrangement  of  the  airfoil  arrays.  Cutler  and 
Bradshaw(  1993a,  1993b)  suggested  that  the  existence  of  the 
separation  line,  which  is  formed  outboard  of  the  vortex,  is 
significant  for  the  development  of  the  turbulent  boundary  layer 
interacting  with  a  pair  of  longitudinal  vortex,  generated  from 
the  delta  wing  attached  at  two  different  heights  in  the  free 
stream.  It  can  be  assumed  that  the  results  of  the  irregular 
behavior  of  the  longitudinal  vortex,  such  as  the  vortex 
wandering,  affect  the  boundary  layer  properties. 

From  the  results  of  these  studies,  it  can  be  understood  that 
the  strength  of  the  extra  strain  rate,  due  to  the  longitudinal 
vortex  arrays  is  significant  to  manage  the  turbulent  properties 
of  the  boundary  layer.  The  examination  in  these  flowfields 
may  raise  some  interesting  issues  such  as  spatial 
instability(Nishioka  1989)  of  the  turbulent  boundary  layer, 
chaotic  behavior(Kaneko  1989)  (e.g.  bifurcation  of  vortex 
filament,  interchange  between  coherent  and  chaotic  motion), 
and  the  relationship  between  the  steady  longitudinal  vortices 
and  such  unsteady  phenomena  as;  large  eddy  motion  (turbulent 
bulge)  in  the  outer  layer,  and  bursting  phenomenon  in  the  near¬ 
wall  region. 

In  the  present  study,  the  turbulent  structure  of  an  intermittent 
region(i.e.  entrainment  process)  of  the  turbulent  boundary  layer, 
interacting  with  the  spanwise  periodic  longitudinal  vortex 
arrays  generated  in  the  free  stream,  was  investigated  taking  the 
following  two  aspects  into  consideration;  how  the 
longitudinal  vortices  are  accepted  into  the  boundary  layer 
depending  on  the  value  of  US,  and  how  they  contribute  to  the 
variation  of  the  zone  averaged  patterns  of  turbulent/non- 
turbulent  motions  in  the  turbulent  boundary  layer. 
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EXPERIMENTAL  APPARATUS  AND  TECHNIQUES 
Schematic  flowfleld  and  arrangement  of  airfoil  arrays 

The  experiment  was  carried  out  in  the  low-turbulence 
boundary  layer  wind  tunnel(Osaka  and  Fukushima  1992, 1996). 
The  measuring  plate  has  dimensions  of  lm  width  and  4m  length. 
The  airfoil  element  is  a  rectangular  thin  plate  of  stainless  steel, 
with  a  30mm  span  length  (5),  20mm  chord  length  (C),  and 
0.3mm  thick.  As  shown  in  Fig.l,  the  airfoil  arrays  were  set 
60mm  upstream  of  the  leading  edge  of  the  measuring  plate  and 
35  and  45mm  high  from  the  wall.  Longitudinal  vortex  arrays 
resulting  from  a  thin  rectangular  plate  in  the  free  stream  begin 
to  interact  with  the  fully  developed  turbulent  boundary  layer  at 
some  distance  downstream  (jco)  from  the  leading  edge.  The 
flowfield,  therefore,  exhibits  the  various  interacting  processes 
depending  on  the  arrangement  of  the  airfoil  arrays.  Five 
arrangements  studied  in  the  present  experiment  are  shown  in 
Table  1 .  Cases  1,2,  and  3  were  adopted  to  examine  the  effect 
of  the  span  wise  periodicity  of  the  longitudinal  vortices  US, 
whereas  Cases  1  and  4,  and  Cases  3  and  5  were  adopted  to 
examine  the  effect  of  the  arrangement  height  h,  that  is  the  effect 
of  bU 5o,  which  is  a  ratio  of  the  longitudinal  vortex  size  b  to  the 
boundary  layer  size  So  at  apparent  origin  xo.  The  experiment 
was  performed  at  free  stream  velocity  of  7m/s  under  zero 
pressure  gradient  Under  these  conditions,  the  free  stream 
turbulence  level  is  approximately  0.27%. 

Experimental  procedures 

Velocity  fluctuation  measurements  were  made  utilizing  a 
constant  temperature  anemometer  with  an  X-type  hot-wire 
probe(5pm  in  diameter  with  1mm  active  length).  Each  set 
of 300,000  points  time  series  signals,  recorded  with  a  sampling 
rate  of  lOKHz,  were  analyzed  by  a  NEC-EWS  4800  computer 
system.  All  the  measurements  were  obtained  at  1 1 
representative  span  wise  slices  from  the  midspan  of  the  airfoil  to 
the  center  between  neighboring  airfoils,  and  those  in  the  cross 
stream  section  were  made  at  7  locations  in  the  region  of 
x=500~3 500mm.  The  streamwise  distance  x’  from  the 
apparent  origin  xo,  and  the  thickness  So  of  the  undisturbed 
boundary  layer  at  xo,  were  used  to  describe  the  data  under  the 
interacting  process. 

Processing  of  the  signal 

In  order  to  obtain  the  intermittency  factor,  time  series 
signals  of  the  streamwise  velocity  fluctuations  u  were  used. 
For  a  detector  function  Dt,  we  may  write  £>/=  |  Au  /At  \/U, 
where  AS  /  At  is  a  finite  time  derivative  of  u  ,  and  t/is  a  local 
mean  velocity.  Smoothing  of  the  detector  function  with  an 
appropriate  time  period  yields  a  criterion  function  Sj.  Hence, 

1  >+(JV-l)/2 

s,=  -  Z  Pf  . 

At  j=t-tN-iyi 

The  smoothing  number  N  was  decided  following  the  definition 
used  by  Hedley  and  Keffer(  1 974),  i.e.  N  =  Ls  /  U  At  =  28  ls  / 

U At,  where  Ls  is  the  smoothing  window  size  and  lE  is  the 
Kolmogorov  length  scale(Tennekes  and  Lumley,  1972). 
Applying  the  threshold  level  Ct  («r /v)  to  the  criterion  function, 
turbulent  and  non-turbulent  zones  were  identified.  The 
threshold  level  Ct  was  chosen  so  that  the  profile  of  the 
intermittency  factor  in  the  present  undisturbed  turbulent 
boundary  layer  conforms  to  well  known  profiles  (Kovasznay  et 
al.  1970);  Cr=  3.5  x  10'3.  The  intermittency  function  is  then 
defined  as; 


TABLE  1  ARRANGEMENT  OF  AIRFOIL  ARRAYS 
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FIGURE  1  SCHEMATIC  FLOW  FIELD,  COORDINATE 
SYSTEM  AND  NOMENCLATURE. 


j  _  f  1  •••  turbulent  ;  3.5xl0‘3(«r2/v) 

'  10  •••  non-turbulent ;  5, <  3.5xl0'3(«r/v) 

■where  uT  is  a  friction  velocity  and  v  is  a  kinematic  viscosity. 
The  intermittency  factor  y  is  given  by  the  time  average  of/,. 

1  M 

y  - — 2)//,  where  Mis  a  number  of  the  data. 

M/= i 

In  order  to  evaluate  expected  values  in  turbulent  and  non- 
turbulent  zones,  we  define  the  appropriate  conditional 
averaging  of  the  typical  flow  variable.  In  the  turbulent  and 
non-turbulent  zones,  respectively, 

<2>«=I77i 

The  conventional  time  average  of  Qj,  denoted  by  Q  ,  is  given 
by  Q  =  y  (0r  +  (1-  y  ){0)N.  If  we  define  the  zone  average  of 
on/off  periods  of  turbulence  and  non-turbulence  as  (Tm)r  and 
(Tm)N  respectively,  the  turbulent  bulge  crossing  frequency  f  is 
defined  as  {(Tm)r  +  < Tm)N  }'*. 

RESULTS  AND  DISCUSSION 
Distributions  of  Intermittency  factor 
Contours  of  Intermittency  factor.  Figures  2(a)~(e) 
show  the  contours  of  intermittency  factor  y  for  the  five  cases  at 
x'/So^AQ  and  150.  In  these  figures,  the  interval  between 
contour  lines  is  0. 1  the  value  of  y.  The  symbol  5m  shows  the 
location  of  the  spanwise  averaged  boundary  layer  thickness. 
The  results  are  given  in  the  range  of  unit  spanwise  period  of  the 
airfoil  elements.  The  rectangles  describe  the  relative  locations 
of  the  objective  airfoil  elements.  When  US=  0.5  (Cases  1  and 
4),  the  spanwise  distributions  of  contours  seem  to  be  uniform 
within  the  boundary  layer  at  any  streamwise  section,  although 
relatively  high  level  regions  of  y,  due  to  the  turbulence  of  the 
longitudinal  vortices,  are  observed  outside  the  boundary  layer  at 
*75)^40.  The  contours,  however  examined  in  detail,  are 
slightly  distorted  in  the  spanwise  direction  at  x'/5o  ^  1 50  due  to 
the  longitudinal  vortices  induced  in  the  outer  edge  of  the 
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boundary  layer.  When  L/5=1.07  (Case  2),  the  contours  are 
significantly  distorted  in  the  spanwise  direction  at  x'l&^AO. 
The  intermittent  regions  are  distanced  from  the  wall  in  the 
upwash  regions  of  the  secondary  flow,  while  they  close  to  the 
wall  in  the  down  wash  regions  of  the  secondary  flow.  The 
longitudinal  vortices  seem  embedded  in  the  boundary  layer,  in 
comparison  with  the  spanwise  averaged  boundary  layer 
thickness  5m.  Although  the  secondary  flows  affect  the 
boundary  layer,  the  longitudinal  vortices  have  not  embedded 
within  the  boundary  layer  in  this  section,  considering  the 
development  of  the  local  (at  each  spanwise  sliced  section) 
boundary  layer  thickness  5.  In  the  cases  where  US=A  (Cases  3 
and  5),  the  longitudinal  vortices  have  embedded  deeply  within 
the  boundary  layer  at  *7<5b  ^  40.  The  contours  then  exhibit  the 
spanwise  periodic  variation,  which  clearly  corresponds  to  the 
spanwise  arrangement  of  the  airfoils.  In  these  cases  (Cases  3 
and  5),  the  intermittent  regions  are  concentrated  near  the  wall 
at  the  midspan  of  the  airfoil,  and  are  extended  beyond  5m 
between  neighboring  airfoils.  However,  around  z=  ±70mm 
(in  the  region  between  neighboring  airfoils),  the  distributions  of 
the  contours  are  not  significantly  affected  by  the  secondary 
flows,  and  almost  agree  with  those  of  the  present  two- 
dimensional  turbulent  boundary  layer.  Those  regions  of  the 
contours  are  not  exactly  specified  at  *7(50^150,  since  the 
vorticity  of  the  induced  longitudinal  vortices  diffuse  within  the 
whole  boundary  layer  in  the  streamwise  direction. 


Intermittency  factor  profiles  at  representative 
spanwise  sliced  section.  Figure  3  shows  the 
intermittency  factor  profiles  for  five  cases  at  three 
representative  spanwise  sliced  sections  (the  midspan  of  the 
airfoil,  the  spanwise  edge  of  the  airfoil,  and  the  center  between 
neighboring  airfoils)  at  x 75)  ^  70.  In  this  figure,  dotted  lines 
show  the  two-dimensional  turbulent  boundary  layer  profile  in 
the  present  experiments.  The  normal  distance  y  is  normalized 


Z  (mm) 

(c)  Case  3 


(b)  Case  2  (e)  Case  5 

FIGURE  2  CONTOURS  OF  INTERMITTENCY  FACTOR  FOR  5  CASES  AT  x'!S0^AO  AND  150. 
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with  the  spanwise  averaged  boundary  layer  thickness  in  each 
case.  In  Cases  1  and  4,  the  variation  of  the  intermittency 
factor  profiles  depending  on  the  spanwise  sliced  sections  are 
not  observed  in  each  case.  The  difference  between  Cases  1 
and  4  is  the  difference  of  the  relative  value  of  y  to  the  two- 
dimensional  flow.  The  values  of  the  y  only  in  Case  4  are  larger 
than  those  in  the  two-dimensional  flow  even  in  the  boundary 
layer.  One  of  the  reasons  of  these  results,  can  be  explained  by 
the  fact  that  the  induced  longitudinal  vortices  in  Case  4  trace 
more  upper  trajectories,  than  those  in  Case  1,  due  to  the  effect 
of  the  arrangement  height  of  the  airfoils.  The  intermittency 
factor  profiles,  in  cases  where  US  2, 1  (Cases  2,  3,  and  5), 
exhibit  significant  spanwise  variation  which  is  closely  related 
to  the  behavior  of  the  induced  longitudinal  vortices  within  the 
boundary  layer.  In  Case  2,  the  intermittency  factor  profiles  are 
affected  by  the  secondary  flows.  Comparing  the  y  profiles  at 
the  three  representative  slices,  it  can  be  seen  that  there  is  a 
difference  in  scale  of  0.2<5w  at  the  same  value  of  y ;  that  is,  the 
intermittency  factor  profile  at  the  spanwise  edge  of  the  airfoil  is 
larger  than  that  at  the  other  two  representative  spanwise  sliced 
sections,  since  the  longitudinal  vortices,  whose  origin  is  the 
spanwise  edge  of  the  airfoil  element,  gradually  drift  toward  the 
positive  spanwise  side  while  the  vortex  size  increases  in  the 
streamwise  direction.  In  Cases  3  and  5,  the  value  of  the  y 
profiles  at  the  midspan  of  the  airfoil  is  extremely  small  even  in 
the  inner  layer  of  the  boundary  layer,  due  to  the  down  wash 
secondary  flow.  At  the  spanwise  edge  of  the  airfoil,  in  Case  3, 
the  profile  is  affected  by  the  upwash  secondary  flow  (as 
observed  in  Case  2),  due  to  the  lateral  drift  of  the  longitudinal 
vortices  and  the  downwash  secondary  flow  being  restricted  to 
the  near  wall  region  due  to  the  embedding  of  the  longitudinal 
vortices  within  the  inner  layer.  On  the  other  hand,  in  Case  5, 
the  profile  is  smaller  than  the  two-dimensional  flow  profile  in 
the  range  ofy/<5m<0.65,  and  is  larger  in  the  range  of_y/&r>0.65. 
This  means  that  there  is  no  upwash/downwash  interface  in  this 
sliced  section  owing  to  the  deformation  of  the  secondary  flow. 

From  the  results,  it  can  be  found  that  the  spanwise 
periodicity  of  the  longitudinal  vortices  US  control  the  decaying 
of  the  streamwise  vorticity  and  the  paths  of  the  longitudinal 
vortices  resulting  from  the  difference  of  the  degree  in  the 
interaction  between  neighboring  vortices.  Therefore,  the  y 
profiles  at  the  representative  spanwise  sliced  section  reveal 
significant  deformation  depending  on  the  value  of  US.  The 
deformed  y  profiles  owing  to  the  downwash  secondary  flow 


becomes  significant  behind  the  midspan  of  the  airfoil  with  the 
increasing  value  of  US,  and  is  maintained  even  in  the  far 
downstream  section. 

As  to  the  effect  of  the  arrangement  height  of  the  airfoil ,  the 
variation  of  the  intermittency  factor  profile  is  described  in 
relation  to  the  behavior  of  the  longitudinal  vortices  and  the 
secondary  flows,  mentioned  above,  independent  of  the 
arrangement  height.  The  only  difference  is  that  as  the 
boundary  layer  thickness  nominally  changes  ,  so  does  the 
relative  normal  position  of  the  deformed  y  profile.  Therefore, 
the  effect  of  the  arrangement  height  is  recognized  to  be  the 
effect  of  the  local  Reynolds  number,  as  mentioned  in  the 
previous  work(Osaka  and  Fukushima  1992,  1996). 

Large  eddy  time  scales  for  the  intermittent  motion 

Turbulent  bulge  crossing  frequency.  Figure  4  shows 
the  turbulent  bulge  crossing  frequency  /  (s->)  in  the 
representative  spanwise  sliced  sections  at  x7£0  — 70.  The 
results  are  given  in  the  three  cases.  Case  1  (US=0.5),  Case  2 
(US=  1.07),  and  Case  3  (US=4).  In  Case  1,  the  turbulent 
bulge  crossing  frequency / exhibit  similar  distributions  in  each 
spanwise  sliced  section.  In  Case  2,  each  profile  of  /,  except  at 
the  spanwise  edge  of  the  airfoil,  has  two  peak  values,  although 
these  two  values  are  different.  Looking  at  these  peaks,  it  is 
thought  that  the  left  hand  side  and  the  right  hand  side  peak 
correspond  to  the  influence  of  the  downwash  and  upwash  flows 
of  the  secondary  flow,  respectively.  Therefore,  two  peaks  of  / 
suggest  the  existence  of  the  distinct  downwash/upwash 
interface  of  the  fluids  in  these  sections.  The  upwash  secondary 
flow  transport  high-turbulence  fluid  from  the  wall.  Whereas, 
the  downwash  secondary  flow  deform,  or  divide  the  large  eddy 
(turbulent  bulge)  to  pieces  due  to  the  entrainment  of  the  low- 
turbulence  fluid  toward  the  wall;  i.e.  decrease  the  large  eddy 
scale.  In  Case  3,  the  profile  of  the  bulge  crossing  frequency 
between  neighboring  airfoils  almost  agrees  with  that  of  the 
two-dimensional  flow.  Behind  the  spanwise  edge  of  the  airfoil, 
the  profile  has  two-peak  values  as  observed  in  Case  2.  At  the 
midspan  of  the  airfoil,  the  value  of f  is  significantly  larger  than 
that  of  two-dimensional  flow  profile,  due  to  the  effect  of  the 
downwash  secondary  flow.  These  secondary  flows(in  Cases  2 
and  3),  eventually,  increase  the  occurrence  of  the  turbulence 
zones,  and  consequently  control  the  level  of  the  peak  value.  In 
Cases  4  and  5  (not  shown  here),  distributions  of  /  exhibit 
similar  variations  to  those  in  Cases  1  and  3  respectively. 


FIGURE  3  INTERMITTENCY  FACTOR  PROFILES  FOR  3  REPRESENTATIVE  SLICED  SECTIONS  AT  x'ISQ  -70. 
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On/off  period  of  turbulence  and  non-turbulence. 

Figures  5  and  6  shows  the  zone  averages  of  on/ofT  period  of 
turbulence  (T„)t  and  non-turbulence  (T„)n,  respectively.  The 
results  are  given  in  the  three  representative  cases.  In  Case  1 , 
the  profiles  of  (T„)t  and  {Tm)s  almost  agree  with  that  of  two- 
dimensional  flow  within  the  boundary  layer.  In  cases  where 
US  i.  1  (Cases  2,  3,  and  5),  comparing  with  the  results  of  the 
intennittency  factor  y  ,  it  can  be  found  that  the  upwash 
secondary  flow,  which  lift  the  high-turbulence  fluid  near  the 
wall,  decrease  and  increase  the  scale  of  the  non-turbulent  and 
turbulent  zones,  respectively.  On  the  contrary,  the  down  wash 
secondary  flow,  which  transports  the  low-turbulence  fluid, 
decrease  and  increase  the  scale  of  the  turbulent  and  non- 
turbulent  zones,  respectively.  That  is,  in  Case  2,  the  profile  of 
('■ Tm)r  at  the  span  wise  edge  of  the  airfoil  is  larger  than  that  of  the 
other  two  representative  slices,  and  the  profile  at  the  midspan 
of  the  airfoil  is  smaller  than  the  other  two  cases.  Whereas,  the 
profiles  of  (T„)k  are  vice  versa.  In  Case  3,  at  the  span  wise 
edge  of  the  airfoil,  on/off  period  of  turbulence  (T„)t  is  small  in 
the  range  ofy/&,£0.6,  and  that  of  non-turbulence  {T„)n  is  large 
in  the  same  range.  Behind  the  midspan  of  the  airfoil,  (T„)t  is 
smaller  than  that  in  the  two-dimensional  flow  within  the  whole 
layer,  and  then  (Tm)v  becomes  large.  In  comparison  with  the 
results(in  Case  3)  obtained  at  x'/So^  40  (not  shown  here),  it  can 
be  understood  that  these  features  of  the  (Tm)r  and  (Tm)n  profiles 
correspond  to  the  spanwise  paths  of  the  longitudinal  vortices 
which  move  apart  in  the  streamwise  direction.  The  profiles  of 
(TJt  and  {Tm)N  in  Cases  4  and  5  (not  shown  here)  exhibit 
similar  variations  to  those  observed  in  Cases  1  and  3, 
respectively. 

Zone  average  of  streamwise  velocity 

Figure  7  shows  the  distributions  of  zone  average  and 
conventional  time  average  of  the  streamwise  velocity 
component  for  representative  three  cases  at  *7<5b^70.  The 
profiles  in  Casel  almost  agree  with  the  two-dimensional  flow 
profiles  in  each  sliced  section.  That  is,  the  profiles  of  the 
turbulent  zone  average  QJ)t!U\  agrees  with  the  conventional 
time  average  U  IU\  in  the  range  o[y/Sm^0.6,  and  those  of  the 
non-turbulent  zone  (U)n  IU\  are  larger  than  the  other  two 
averages,  since  non-turbulent  fluids  are  entrained  into  the 
whole  outer  layer.  In  Cases  2  and  3,  the  discussion  are  given 
in  each  sliced  section.  At  the  center  slice  between 
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FIGURE  4  FREQUENCY  OF  OCCURRENCE  OF 
TURBULENCE  AND  NON-TURBULENCE. 


FIGURE  5  ON/OFF  PERIOD  OF  TURBULENCE. 


FIGURE  6  ON/OFF  PERIOD  OF  NON-TURBULENCE. 


FIGURE  7  ZONE  AVERAGE  AND  CONVENTIONAL  TIME  AVERAGE  OF  THE  STREAMWISE 
VELOCITY  COMPONENT  FOR  3  CASES  AT  x’/S0* 70. 
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neighboring  airfoils,  the  value  of  U  /Ui  in  Case  2  increase  in 
the  range  ofy/<5,S0.5,  and  the  value  of  {U)n!U\  is  considerably 
large  in  the  same  range  due  to  the  down  wash  secondary  flow. 
The  value  of  U  !U\,  on  the  other  hand,  decrease  in  the  range  of 
ytfU>0.5  in  which  the  effect  of  the  upwash  secondary  flow 
appears.  In  Case  3,  all  the  profiles  approximately  agree  with 
the  two-dimensional  flow  profile.  At  the  span  wise  edge  of  the 
airfoil,  only  non-turbulent  zone  average  QJ)nIU\  in  Case  2 
increases  in  the  range  of  y!5m< 0.5  In  this  sliced  section,  the 
turbulent  bulge  crossing  frequency  had  markedly  decreased,  as 
mentioned  above.  In  the  range  between  _y/&,=0.5~0.8,  the 
U  IU\  profile  decreases  and  agrees  with  the  (Lfh/Ui  due  to  the 
upwash  secondary  flow.  In  Case  3,  the  increase  of  U  /Ui 
below  yISm= 0.5,  and  decrease  above  yISm- 0.5  is  due  to  the 
down  wash  and  upwash  secondary  flows  respectively.  At  the 
midspan  of  the  airfoil,  the  value  of  U  HJ\  in  both  Cases  2  and 
3  increases  due  to  the  down  wash  secondary  flow,  however,  the 
profile  in  Case  3  does  not  agree  with  the  profile,  and 

furthermore,  the  (lf)NIU\  does  not  deviate  remarkably  from  the 
U  !U\  profile.  Therefore,  the  effect  of  the  down  wash 
secondary  flow  apparent  in  Case  3  is  more  significant  than  that 
in  Case  2.  From  the  results,  it  can  be  found  that  the  upwash 
and  downwash  secondary  flows  distort  not  only  the 
conventional  time  average  of  the  stream  wise  velocity 
component,  but  also  the  zone  average  of  the  stream  wise  mean 
velocity  component;  the  upwash  secondary  flow  decrease  both 
the  value  of  U  IU\  and  ( V)tIU\ ,  conversely,  the  downwash 
secondary  flow  increase  both  the  value  of  U  IU\  and  {U)utU\. 

CONCLUSIONS 

In  order  to  examine  the  turbulent  structure  of  the  boundary 
layer  interacting  with  the  longitudinal  vortex  arrays  generated 
in  the  free  stream,  conditional  averaged  patterns  of  the  outer 
layer  were  experimentaly  investigated  for  the  five  cases  of 
airfoil  arrangement.  As  for  the  results,  spacing  between  the 
airfoil  {LIS)  play  a  significant  role  in  the  modification  of  the 
intermittent  motions.  In  cases  where  US  i.  1  (Case  2, 3,  and  5), 
the  contours  of  intermittency  factor  y  reveal  span  wise  periodic 
variation  corresponding  to  the  span  wise  arrangement  of  the 
airfoils  owing  to  the  downwash  and  upwash  secondary  flows. 
The  effect  of  the  spanwise  periodicity  US  is  most  significant  at 
the  midspan  of  the  airfoil,  i.e.  the  value  of  the  y  decrease  with 
the  increasing  value  of  US,  and  is  consistently  maintained  in 
the  far  downstream  region.  The  turbulent  bulge  crossing 
frequency  f  zone  average  of  on/off  period  of  turbulencefTAr 
and  non-turbulence(7'„>A'  are  also  modified  depending  on  the 
value  of  US.  In  the  case  of  US- 0.5,  the  value  of  /, 
and  (7'„),v  almost  agree  with  those  of  the  two-dimensional  flow. 

On  the  other  hand,  in  cases  where  US  £1,  in  the  downwash 
region  of  the  secondary  flow, /have  the  peak  value,  and  (Tm)T 
increase  ,  while  in  the  upwash  region  of  the  secondary  flow,  / 
have  the  peak  value  and  ( Tm)r  decrease.  Furthermore,  these 
modifications  of  each  property  are  closely  related  to  the 
behavior  of  the  induced  longitudinal  vortices  within  the 
boundary  layer.  Therefore,  the  variations  of  the  conventional 
time  average  and  the  zone  average  of  the  streamwise  velocity 
component,  which  depend  on  the  relative  spanwise  slices,  can 
be  explained.  The  effect  of  the  arrangement  height  of  the 
airfoils  h  does  not  contribute  to  the  spanwise  variation  of  the 
conditional  averaged  properties  in  the  outer  layer,  however,  it 
appears  as  the  local  Reynolds  number  effect. 
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ABSTRACT 

A  direct  numerical  simulation  was  made  of  the  instability  in  a 
spatially-evolving  channel  flow.  A  local  surface  suction/blowing 
was  imposed  at  the  upper  wall  ( x/h  =  20).  A  Tollmien- 
Schlichting  wave  was  superimposed  on  the  laminar  channel  flow 
at  the  inflow.  At  the  outflow,  the  buffer  domain  technique  was 
applied  to  suppress  the  reflection  of  outgoing  waves.  The  in¬ 
fluence  of  the  local  suction/blowing  on  the  linear  and  nonlin¬ 
ear  instabilities  of  the  flow  was  examined.  It  was  found  that 
the  local  suction/blowing  increases  the  disturbance  energy  signif¬ 
icantly  in  the  interaction  zone.  The  effects  of  the  blowing  strength 
(0  <  As  <  0.1)  on  the  subcritical  channel  flow  were  scrutinized. 
Two  regimes  of  the  wave/flow  interaction  were  found  by  varing 
As,  i.e.,  ‘monotonic’  and  ‘vortex  splitting’  regimes. 

INTRODUCTION 

Laminar-turbulent  transition  is  one  of  the  challenging  problems 
in  fluid  mechanics.  It  is  significant  not  only  from  a  fundamental 
point  of  view  but  also  for  the  improvement  of  vehicle  performance 
and  maneuverability  as  well  as  for  the  effective  control  of  fur¬ 
ther  turbulent  events  (Morkovin  and  Reshotko,  1990;  Kachanov, 
3994).  The  main  obstacle  in  studying  it  arises  due  to  a  large 
variety  of  mechanisms  that  can  lead  to  the  transition.  The  pro¬ 
cess  of  laminar-turbulent  transition  in  two-dimensional  flows  at 
a  low  level  of  environmental  disturbances  is  usually  initiated  by 
the  amplification  of  unstable  instability  waves,  called  Tollmien- 
Schlichting  (T-S)  waves,  through  receptivity  to  the  environmen¬ 
tal  disturbances  (Kachanov,  1994).  At  a  large  initial  intensity  of 
incoming  disturbances,  other,  usually  initially  three-dimensional, 
mechanism  could  prevail  (Boiko  et  al.  ,  1994).  The  stability  of 
parallel  laminar  flow  to  two-dimensional  small  disturbance  can  be 
described  by  the  primary  linear  stability  theory  (Drazin  and  Reid, 
1981).  Here  the  term  ‘linear’  means  the  applicability  of  superpo¬ 
sition  principle,  which  presumes  the  absence  of  mutual  influence 
of  several  waves  to  each  other  and  amplitude  independence  of 
their  development. 

When  the  primary  unstable  wave  is  amplified  up  to  a  critical 
threshold,  nonlinear  effects  set  up  or  the  flow  becomes  unsta¬ 
ble  to  three-dimensional  disturbances  as  a  result  of  secondary  in¬ 
stabilities  (Herbert,  1988).  At  later  stages  of  the  transition  in  a 
plane  channel  or  boundary  layer  flow,  these  new  mechanisms  pro¬ 
duce  three-dimensional  vortex  structures,  which  lead  to  K-type 


or  N-type  breakdowns,  depending  on  the  amplitude  of  the  ini¬ 
tial  disturbances  and  the  background  noise  characteristics  (Her¬ 
bert,  1988;  Kachanov,  1994).  In  the  transitional  flow,  linear  sec¬ 
ondary  growth  of  the  primary  wave  and  nonlinear  effects  with 
three-dimensional  character,  once  they  are  initiated,  become  vio¬ 
lent  and  lead  rapidly  to  turbulence;  as  a  consequence,  in  particu¬ 
lar,  it  is  much  more  difficult  to  control  the  flow  field  effectively. 

The  need  to  create  energy-saving  technologies  for  laminar  flow 
control  (LFC)  is  the  background  of  the  research  for  understand¬ 
ing  the  physics  of  linear  instability  and  finding  possible  ways  to 
control  the  flow  instability  in  the  (near-)  linear  range.  A  literature 
survey  reveals  that  there  have  been  many  attempts  to  control  or 
lessen  the  unfavorable  behavior  associated  with  laminar-turbulent 
transition.  To  date,  several  methods  have  been  employed,  e.g., 
near-wall  fluid  suction  and  blowing  or  cooling  and  heating,  sur¬ 
face  modifications  in  the  form  of  humps  and  dips,  flow  streamlin¬ 
ing  by  favorable  pressure  gradients,  and  others  (for  more  detail, 
see  Morkovin  and  Reshotko  (1990)  and  references  therein). 

In  the  transition  simulations  of  shear  flows,  such  as  channel 
flows,  boundary  layers,  free  shear  layers,  jets,  wakes,  etc.,  there 
are  two  different  points  of  view;  temporal  and  spatial  approaches 
which  differ  in  treating  the  process  development  in  time  or  space 
respectively  (Kleiser  and  Zang,  1991).  In  closed  systems,  such  as 
Benard  convection  and  Taylor  Couette  flow,  the  transition  evolves 
in  time  not  in  space,  making  the  temporal  approach  the  proper 
one.  Most  of  engineering  flows  are,  on  the  contrary,  spatially 
unstable,  the  transition  being  spatially-evolving.  Consequently, 
in  the  latter  open  systems,  the  spatial  method  should  be  generally 
used  to  investigate  the  characteristics  of  transition  process  (Fasel, 
1990). 

In  the  linear  approach  a  transformation  theorem  is  known  by 
Gaster  (1962),  which  is  strictly  applicable  only  to  almost  neutral 
waves  of  two  dimensional  parallel  flows.  The  theorem  allows  one 
to  use  the  results  of  temporal  theory,  which  is  easier  to  solve  nu¬ 
merically,  to  predict  behavior  of  spatially-evolving  flow  (Gaster, 
1962;  Fasel,  1990).  In  more  complicated  flows,  such  a  theorem 
is  generally  absent  or  is  not  so  straightforward.  Consequently,  it 
is  natural  to  simulate  this  process  with  the  spatial  approach,  as 
transition  of  shear  flows  in  open  systems  evolves  spatially  in  the 
streamwise  direction. 

Nevertheless,  during  the  past  decade,  despite  the  limitation  of 
the  underlying  physics,  many  unsteady  transition  problems  have 
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been  analyzed  by  the  temporal  approach,  mainly  due  to  simplicity 
and  natural  restrictions  on  computer  power.  Recently,  as  the  com¬ 
puter  industry  developes,  the  spatial  approach  has  been  receiving 
ever-increasing  interest  in  the  transitional  numerical  simulations. 
In  the  present  study,  spatial  simulation  has  been  employed  to  scru¬ 
tinize  the  instability  characteristics  of  spatially-evolving  channel 
flow.  A  discussion  of  various  aspects  of  spatial  simulations  is 
found  in  Fasel  (1990)  together  with  a  summary  of  previous  re¬ 
sults. 

Previous  research  covering  numerical  simulations  may  be  cat¬ 
egorized  as  follows,  according  to  their  underlying  principles:  (i) 
the  primary  linear  stability  theory;  (ii)  the  asymptotical  analysis  of 
Navier-Stokes  equations  at  very-high  Reynolds  numbers;  (iii)  the 
direct  numerical  simulation  of  the  full  Navier-Stokes  equations. 
The  book  by  Drazin  and  Reid  (1981)  is  dedicated  to  the  linear 
stability  theory.  For  more  details  on  (ii),  a  comprehensive  review 
of  triple-deck  methods  by  Nayfeh  (1991)  is  currently  available. 
In  the  present  work,  direct  numerical  simulations  were  done  to 
investigate  the  linear  and  nonlinear  characteristics  of  transitional 
channel  flows.  Direct  numerical  simulations  have  been  reviewed 
recently  by  Kleiser  and  Zang  (1991). 

For  theoretical  investigations  of  flow  transition  due  to  traveling 
T-S  wave  instabilites,  the  plane  Poiseuille  flow  can  be  regarded 
as  a  prototype  case.  The  base  flow  is  strictly  parallel  and  is  an 
exact  solution  of  the  Navier-Stokes  equations  unlike  the  Blasius 
boundary  layer  flow  (Kleiser  and  Zang,  1991).  It  is  known  that 
plane  channel  flow  is  linearly  stable  up  to  Recr  —  5772  based 
on  the  half  channel  width  and  center-line  velocity  (Orszag,  1971). 
From  this  point  of  view,  the  flows  at  Re  <  Recr  are  subcritical  in 
contrast  to  supercritical,  or  linearly  unstable  flows  at  Re  >  Recr. 
Since  the  possible  growth  rate  of  a  T-S  wave  in  a  plane  chan¬ 
nel  flow  is  small  by  magnitude  ( O  «  10-2),  its  sign  is  very 
sensitive  to  the  geometric  perturbations  and  mean  velocity  dis¬ 
tributions  (Ghaddar  et  al.  1986).  For  periodic  disturbances  in  the 
streamwise  direction,  such  as  grooved  channels  (Ghaddar  et  al.  , 
1986;  Amon  and  Patera,  1989),  baffled  channels  (Roberts,  1994), 
and  a  periodic  array  of  cylindrical  objects  (Kamiadakis  et  al.  , 
1988),  several  temporal  stability  studies  have  been  made  by  using 
the  periodic  boundary  condition  in  the  mean  flow  direction. 

Apart  from  the  geometric  modifications,  the  method  of  local 
surface  suction/blowing  has  attracted  considerable  interest  from 
researchers.  This  is  a  well-known  and  much-explored  method  of 
controlling  transition  of  wall-bounded  shear  flows,  because  it  pro¬ 
vides  a  powerful  and  simple  means  to  control  laminar  to  turbulent 
transition  locally  (Biringen,  1984;  Danabasoglu  etal. ,  1991).  In 
addition,  it  is  relatively  easy  to  control  the  strengths  of  surface 
suction/blowing  rather  than  to  change  pressure  gradients  or  geo¬ 
metric  configurations  of  the  flow.  It  is  well  known  that  for  wall- 
bounded  flows  even  small  changes  in  mean  velocity  field  applied 
appropriately  can  lead  to  strong  changes  of  transition  behavior. 
Therefore,  local  wall  suction/blowing  has  been  considered  as  a 
promising  method  towards  active  transitional  flow  control  (Joslin 
et  al.  ,  1995).  Suction/blowing  influences  the  stability  of  lami¬ 
nar  shear  flows  through  local  changes  of  mean  velocity  profiles, 
that,  in  their  turn,  affect  both  T-S  wave  amplification  and  disper¬ 
sion  properties  as  well  as  the  flow  receptivity  to  external  or  up¬ 
stream  disturbances.  It  was  found  that  active  control  by  periodic 
suction/blowing  was  very  effective  in  reducing  the  T-S  wave  am¬ 
plitudes  as  well  as  the  nonlinear  disturbances,  which  results  in 
substantial  amplitude  attenuation  (Danabasoglu  etal. ,  1991). 

In  the  present  study,  a  direct  numerical  simulation  has  been 
made  to  scrutinize  the  influence  of  local  surface  suction/blowing 
on  the  linear  and  nonlinear  instability  of  spatially-evolving  chan¬ 
nel  flow.  As  transition  evolves  in  the  streamwise  direction  with 
strong  upstream  influence,  a  proper  spatially-evolving  approach 
was  required  to  allow  the  disturbance  to  modify  the  mean  flow 
field.  The  main  aim  of  this  work  is  to  depict  the  T-S  wave  inter¬ 
action  with  the  planar  channel  flow  perturbed  by  the  local  steady 
suction/blowing.  The  influence  of  the  blowing  strength  was  ex¬ 
amined. 

In  Section  2,  we  briefly  introduce  the  numerical  method  used 
in  this  study;  the  numerical  results  and  discussion  for  spatial  in¬ 


stability  of  the  channel  are  presented  in  Section  3,  followed  by  a 
summary  in  Section  4. 

NUMERICAL  METHOD 

Governing  Equations 

We  consider  a  two-dimensional  incompressible  viscous  fluid 
between  two  parallel  plates  located  at  y  =  0  and  y  =  2 h,  respec¬ 
tively.  The  incompressible  Navier-Stokes  equations  in  primitive 
variables  may  be  written  as  follows: 

dui  d  ,  .  dp  1  d2ui 

St  +  =  <» 


where  Ui(=  Ui  +  u'{)  is  the  velocity  component  and  p  the  pres¬ 
sure.  All  quantities  are  non-dimensionalized  using  the  center-line 
velocity  Uc  and  the  channel  half-height  h.  The  Reynolds  number 
is  defined  as  Re  =  Uch/v.  where  v  is  the  kinematic  viscosity. 

A  local  steady  surface  suction/blowing  was  applied  through  a 
port  located  at  the  upper  wall  to  perturb  the  transitional  channel 
flow.  The  effect  of  the  surface  suction/blowing  was  represented 
by  the  boundary  condition  at  the  upper  wall, 

u  =  0,  v  =  -AsH(x)  at  y  =  2 h,  (2) 

H(x)  =  e-(*-xs)2/”\  (3) 

where  xs  is  the  streamwise  location  of  the  center  of  the  suc¬ 
tion/blowing  port  at  the  upper  wall.  H (x)  represents  a  Gaussian 
distribution  of  the  velocity  profile  across  the  port.  The  small  pa¬ 
rameter  As  corresponds  to  the  maximum  velocity  of  the  surface 
suction/blowing  and  As  >  0  for  blowing.  In  these  calculations, 
a  was  set  to  be  unity  and  the  location  of  the  port  was  fixed  at 
xs  =  20 h.  For  the  present  configuration,  the  consequent  volume 
flux  through  the  port  is  y/ naAs . 

Boundary  Conditions 

For  the  stability  computation,  a  two-dimensional  T-S  wave 
was  superimposed  on  the  laminar  parabolic  profile  at  the  inflow 
boundary: 

u'i(x  =  0,0,  t)  =  ArsSpi(y)  e~iuRt],  (4) 

where  Ats  is  the  amplitude  of  the  inflow  perturbations  and  Ui(y) 
is  the  complex  velocity  vector  calculated  from  the  spatial  eigen¬ 
functions  of  the  Orr-Sommerfeld  equation  corresponding  to  the 
real  frequency  ujr.  Also,  i  =  y/—I  and  3t  represents  the  real  part 
of  a  complex  number. 

At  the  outflow,  the  buffer  domain  technique  of  Streett  and 
Macaraeg  (1989)  was  used  to  suppress  the  reflection  of  outgo¬ 
ing  waves.  In  the  buffer  domain,  the  governing  equations  must 
be  modified  to  have  strictly  outgoing  waves.  For  this  purpose, 
the  streamwise  viscous  terms  are  reduced  to  zero  using  a  smooth 
coefficient  function. 


Linear  Stability  Theory 

The  governing  equation  for  the  linear  stability  of  parallel  shear 
flow  can  be  obtained  by  assuming  a  wave-like  solution  of  the 
form: 


u'dx,y,t)  =  R  \ui{y)expax  .  (5) 

Here,  a  is  the  complex  wave  number  defined  as  a  =  or  +  iaj. 
After  linearization  with  respect  to  ( U ,  V ),  the  resulting  Orr- 
Sommerfeld  equation  can  be  written  as: 


v  =  0. 


(6) 
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Figure  1:  Flow  configuration  and  definition  of  coordinate 
system. 


Here,  Q  =  d2/dy 2  —  a2  and  Uo  is  the  base  flow  of  the  form 
U0(y)  =  y(2  —  y).  After  obtaining  v  from  Eqn.  6.  u  can  be 
easily  calculated  from  the  continuity  equation,  u  =  ivv/a. 

After  solving  Eqn.  1,  the  perturbation  field  (u1,  v')  can  be  ex¬ 
tracted  by  subtracting  the  initial  unperturbed  flow  from  the  per¬ 
turbed  one: 

u'i  =  m  -  Ui.  (7) 

This  approach  differs  from  the  usual  approach  to  the  stability 
studies  where  the  equations  for  an  infinitesimal  perturbation  are 
solved  independently  (e.g.,  Ghaddar  et  al.  ,  1986).  These  linear 
perturbation  equations  are  obtained  by  substituting  Eqn.  7  into 
the  flow  equations  (Eqn.  1),  assuming  that  the  perturbation  is  so 
small  that  the  higher  powers  of  the  perturbation  can  be  neglected, 
and  using  the  fact  that  ( U,V )  is  also  a  solution  of  the  Navier- 
Stokes  equations.  Unlike  the  linear  stability  theory  (Ghaddar  et 
al. ,  1986),  the  approach  used  in  the  present  study  is  not  limited  to 
linear  perturbations,  as  large  nonlinear  perturbations  can  also  be 
studied. 

Numerical  Method 

A  fractional-step  method  was  employed  to  solve  the  unsteady 
Navier-Stokes  equations.  This  is  based  on  a  time-splitting  method 
in  conjunction  with  the  approximate  factorization  technique  (Kim 
and  Moin,  1985).  For  more  details,  the  readers  may  refer  to  the 
paper  of  Leand  Moin  (1991). 

Based  on  the  time-splitting  method,  the  solution  procedure 
consists  of  semi-implicit  approach  with  a  three  step  Runge- 
Kutta  method  for  the  nonlinear  convective  terms  and  the  Crank- 
Nicholson  method  for  the  viscous  terms.  This  method  is  second- 
order  accurate  in  time  for  the  viscous  terms  and  third-order  ac¬ 
curate  in  time  for  the  convective  terms.  The  resulting  Poisson 
equation  for  the  pressure  correction  in  the  fractional  step  method 
was  solved  in  wave-number  space  by  the  transformation  of  vari¬ 
ables  into  a  one-dimensional  discrete  Fourier  series.  All  numeri¬ 
cal  computations  were  carried  out  on  a  CRAY-YMP-C90. 

RESULTS  AND  DISCUSSION 
Numerical  Parameters 

In  the  present  study,  we  consider  a  two-dimensional  laminar 
channel  flow  between  two  parallel  plates  located  at  y  =  0  and  y  = 

2 h,  with  a  local  steady  suction/blowing  through  a  port  (x /h  = 
20)  at  the  upper  wall.  A  configuration  of  the  flow  and  the  relevant 
coordinate  definitions  are  illustrated  in  Fig.  1 .  The  streamwise 
distance  of  the  computational  domain  is  120 h  from  the  inflow, 
which  is  equivalent  to  approximately  20  times  the  T-S  wave  length 
at  Re  =  5000.  At  the  outlet,  the  buffer  domain  holds  10/t  (110  < 
x/h  <  120). 

In  order  to  establish  the  accuracy  of  the  time  dependence  of  the 
simulation,  the  growth  rate  and  wave  number  (an,  a/)  for  two- 
dimensional  T-S  wave  were  calculated.  This  was  then  compared 
with  the  numerical  solution  for  linear  Orr-Sommerfeld  equation 
at  Reynolds  number  Re  =  5000.  For  both  steady  and  unsteady 


Figure  2:  Comparison  of  the  present  simulation  with  the 

theoretical  solution: - ,  present  calculation; - ,  linear 

solution. 


flows,  the  observed  streamlines  were  unchanged  for  grids  with 
more  than  (1024  x  129).  In  the  latter  case,  the  difference  be¬ 
tween  the  eigenvalues  obtained  from  the  simulation  and  from  the 
linear  Orr-Sommerfeld  solution  was  less  than  1%.  Several  trial 
calculations  were  repeated  to  monitor  the  sensitivity  of  the  results 
to  the  grid  size.  Based  on  these  preliminary  calculations,  most 
of  simulations  reported  here  employed  the  (1024  x  129)  mesh 
system  to  give  numerical  stability  without  excessive  computation 
time. 

The  length  of  the  time  step  Af  was  chosen  to  be  adequate  not 
only  to  retain  numerical  stability  of  the  method  (based  on  CFL 
number),  but  also  to  represent  the  instability  characteristics  of  the 
flow  properly.  A  constant  time-step,  equal  to  1/256  of  one  T-S  pe¬ 
riod  (Trs).  was  adopted  for  the  three-stage  Runge-Kutta  method, 
which  never  exceeds  one  half  of  the  limiting  value  allowed  by  the 
numerical  method. 

Before  proceeding  further,  it  is  important  to  ascertain  the  reli¬ 
ability  and  accuracy  of  the  present  simulation.  Toward  this  end, 
the  plane  Poiseuille  flow  (As  =  0)  was  selected  as  a  test  case 
for  the  employed  numerical  techniques  since  the  stability  char¬ 
acteristics  are  well  understood  and  documented  in  the  literature 
(Orszag,  1971).  Two  Reynolds  numbers  were  tested,  which  are 
subcritical  (Re  =  5000)  and  supercritical  (Re  =  10, 000).  In  the 
subcritical  case,  the  frequency  for  the  least  stable  eigenmode  is 
lcjr  =  0.33017.  For  these  parameters,  the  Orr-Sommerfeld  solu¬ 
tion  gives  a  =  1.1557  4-  i0.0106.  In  the  supercritical  case,  the 
eigenvalue  is  a  =  1.0006  -  i0.0109  for  uR  =  0.23753.  The 
frequency  u>n ,  which  corresponds  to  the  least  stable  mode  at  each 
Reynolds  number,  was  chosen  to  ensure  the  rapid  decay  of  all 
other  frequencies. 

In  Fig.  2,  a  typical  comparison  was  made  for  the  normal  per¬ 
turbation  velocity  v'  for  both  cases  with  a  small  value  of  Ats  , 
i.e.,  Ats  1.  The  disturbance  amplitude  was  defined  as  the 
rms  magnitude  of  u  component  of  the  T-S  wave,  which  was  set 
as  Ats  =  10-4  to  exclude  the  possibility  of  the  subcritical  tran- . 
sition  due  to  the  high  amplitude  of  initial  T-S  wave.  Figure  2 
shows  the  disturbance  velocity  at  the  centerline  along  the  stream- 
wise  direction.  As  shown  in  Fig.  2,  the  results  from  the  present 
simulation  and  the  linear  Orr-Sommerfeld  solution  are  in  excel¬ 
lent  agreement  for  both  cases.  The  disturbance  kinetic  energy  was 
found  to  decay  exponentially  with  a  growth  rate  a/  =  0.0106  at 
Re  =  5000.  The  wave  number  of  the  perturbation  (an)  can  also 
be  obtained  by  observing  the  behavior  of  the  perturbation  veloc¬ 
ity  v'  at  a  constant  y.  The  wave  number  of  the  perturbation  (an) 
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Re=5000,  As=0.01 


Re=5000,  A£=-0.01 


Figure  3:  Disturbance  streamf unction  contours. 


was  also  found  to  be  very  close  to  the  accurate  value  from  the 
Orr-Sommerfeld  solution  (cir  =  1.1557).  These  observations  in¬ 
dicate  that  the  present  transition  simulations  are  adequate  for  the 
spatially-evolving  transition  flows. 

Effect  of  suction/blowinq  on  T-S  wave  stability 

In  order  to  demonstrate  the  effect  of  the  small-intensity  suc¬ 
tion/blowing  on  the  streamwise  development  of  a  T-S  wave,  com¬ 
putations  were  performed  for  subcritical  (Re  =  5000)  channel 
flows.  As  mentioned  earlier,  the  local  suction/blowing  was  ap¬ 
plied  at  the  upper  wall  (xs  =  20/i).  Note  that  since  some  ex¬ 
tra  amount  of  fluid  (%/tt a  As)  is  supplied  (taken  out)  through  the 
blowing  (suction)  port,  the  consequent  effective  Reynolds  number 
is  increased  (decreased). 

The  disturbance  streamfunction  contours  of  T-S  waves  with 
blowing  (As  =  0.01)  and  suction  (As  =  -0.01)  are  illustrated 
in  Fig.  3  for  subcritical  case.  Quasi-steady,  time-periodic  be¬ 
havior  of  the  disturbed  flow  has  been  established  after  a  transient 
period  of  327rs,  which  corresponds  to  approximately  8000  time 
steps.  Downstream  of  the  suction/blowing  port,  which  is  located 
at  xs  =  20 h,  the  wave  grows  in  both  cases  in  the  streamwise 
direction  up  to  a  certain  high  amplitude  and  then  the  disturbance 
remains  apparently  constant  in  amplitude  downstream,  exhibit¬ 
ing  considerable  distortions  from  previous  cases.  Note  that  in 
the  blowing  case  the  consequent  effective  Reynolds  number  in¬ 
creases,  since  some  extra  amount  of  fluid  which  corresponds  to 
\ZHaAs  is  supplied  into  the  channel  through  the  port  (see  Sec¬ 
tion  2. 1 ).  Due  to  the  suction/blowing,  the  T-S  waves  are  observed 
to  be  no  longer  symmetric  with  respect  to  the  channel  centerline 
(y  =  h).  The  wave  near  the  blowing  port  leads  the  wave  of  the 
centerline,  while  the  wave  in  the  opposite  side  of  the  blowing  port 
lags.  On  the  contrary,  a  reversed  trend  is  observed  in  the  suc¬ 
tion  case.  The  difference  could  also  be  seen  in  the  wave  propaga¬ 
tion  velocity,  which  is  primarily  attributed  to  changes  in  Reynolds 
number  modification  due  to  flow  injection/removing.  In  the  su¬ 
percritical  case,  the  phase  difference  is  more  significant  compared 
to  the  subcritical  case  (not  shown  here). 

Variations  of  the  u'rms  -profiles  by  the  local  suction/blowing  are 
exhibited  in  Fig.  4.  Upstream  the  suction/blowing  port,  the  typi¬ 
cal  channel  flow  , -profiles  are  displayed,  exhibiting  one  max¬ 

imum  near  the  channel  wall.  However,  the  u'rTns -profiles  are  sig¬ 
nificantly  changed  at  the  downstream  of  the  port.  Two  peaks  in 
the  blowing  side  and  one  peak  in  the  opposite  side  are  detected 
nea  r  the  blowing  port.  In  particular,  the  increase  of  peak  value  in 
the  opposite  side  is  appreciable.  This  is  due  to  the  enhanced  shear 
near  the  wall  by  the  continuity  constraint  (Drazin  and  Reid,  1981). 
The  third  peak  value  observed  in  the  blowing  side  increases  with 


Figure  4:  Variation  of  the  v! -profile. 


Re=5000,  cn=0.33017 


x 


Figure  5:  Streamwise  variation  of  the  amplification  factor. 


the  distance  fr  om  the  suction/blowing  port,  and  then  decreases 
slowly,  returning  to  the  u'Trns  -profile  of  the  channel  flow.  The 
appearance  of  a  third  maximum  in  the  -profile  is  a  typical 
feature  with  an  inflection  point  in  the  mean  flow  profile  (Nayfeh 
et  al.  ,  1988).  For  supercritical  case,  these  features  (a  third  peak 
near  the  wall  and  increased  disturbance  amplitude  in  the  opposite 
side)  are  more  evident  (not  shown  here). 

To  describe  the  effect  of  suction/blowing  quantitatively,  it  is 
useful  to  measure  the  spatial  growth  of  the  disturbances.  It  ap¬ 
pears  that  the  spatial-growth  behavior  of  disturbances  can  be  af¬ 
fected  by  the  criteria  which  we  choose  (Kachanov,  1994).  Several 
different  criteria  for  measuring  the  disturbance  amplitude  have 
been  devised  in  the  literature:  for  more  details,  see  Fasel  and 
Konzelmann  (1990), 

1  ucTrna  :  centerline  value  of  u  amplitude  distribution. 

2  Vrms  :  centerline  value  of  v  amplitude  distribution. 

3  yj f0~  u’2(x)dy  :  v! -  component  to  the  kinetic  energy  dis¬ 
tribution. 
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Figure  6:  Instantaneous  disturbance  streamlines  for  4 
equally-spaced  time  intervals  over  one  period  at  ,4s  =  0.03. 


4  ]/lov'2(x)dy  :  v'-  component  to  the  kinetic  energy  distri¬ 
bution. 

5  yj J2(tt'2(x)  +  v'2(x))dy  :  kinetic  energy  distribution. 


Variations  of  the  amplification  factor  log(E(x)/Eo)  are  dis¬ 
played  in  Fig.  5  for  subcritical  cases.  Here,  the  disturbance  am¬ 
plitude  E(x)  at  a  given  streamwise  station  was  expressed  in  terms 
of  the  integral  of  disturbance  kinetic  energy  across  the  channel 
height  (similar  to  criterion  5), 


(x)  +  v'2(x))dy. 


(8) 


For  no  suction/blowing  (,4s  =  0),  E(x)  changes  exponentially 
in  the  downstream  direction  as  e~a,x,  where  the  amplification 
factor  shows  a  straight  line  in  a  log  plot  with  the  slope  of  -aj. 

A  small  surface  suction/blowing  (|As|  <  0.01)  is  likely  to 
have  a  very  strong  effect  on  the  behavior  of  the  growth  rate.  In¬ 
side  the  interaction  zone  (20  <  x/h  <  50),  it  is  seen  that  the 
surface  suction/blowing  increases  the  amplification  factor  signif¬ 
icantly  in  both  suction  and  blowing  cases,  i.e.,  |As|  =  0.01. 
Downstream  of  the  interaction  zone  ( x/h  >  50),  the  growth  rates 
return  smoothly  to  those  of  plane  channel  flow  showing  the  local¬ 
ity  of  the  wave/flow  interaction  close  to  the  control  port.  In  the 
subcritical  case,  blowing  is  found  to  have  more  significant  effect 
on  the  downstream  disturbance  behavior  than  suction.  Based  on 
the  above  calculation,  blowing  was  found  to  have  more  significant 
effect  on  the  downstream  disturbance  behavior  in  subcritical  case 
(see  Fig.  5).  In  what  follows  we  consider  the  effects  of  increasing 
the  magnitude  of  the  blowing  strength. 


Effect  of  blowing  strength 

All  the  computations  for  subcritical  blowing  cases  (ui  = 
0.33017  at  Ats  =  10-4)  are  summarized  in  Table  1.  The  blow¬ 
ing  strength  (As)  was  increased  up  to  0.1  to  investigate  its  effect 
on  the  instability  characteristics. 

Figure  6  displays  the  instantaneous  disturbance  streamlines  for 
four  equally-spaced  time  instants  over  one  complete  cycle  of  the 
flow  at  As  =  0.03.  The  general  feature  of  the  flow  patterns  is 
qualitatively  different  from  that  of  the  moderate  amplitude  blow¬ 
ing  (As  =  0.01)  of  Fig.  3(a).  A  small  vortex  near  the  lower 
wall  is  observed  in  Fig.  6(a)  at  three  T-S  wave  lengths  down¬ 
stream  (i  =  40/i).  The  small  vortex  is  then  merged  with  the 
upstream  large  vortex.  The  resulting  combined  vortex  is  splitted 


Re=5000,  ATS=0.01% 


Figure  7:  Streamwise  variation  of  the  amplification  factor 
log(E(x)/E0)  of  the  fundamental  wave  component. 


into  two  children-vortices:  one  is  near  the  upstream  lower  wall, 
the  other  near  the  downstream  upper  wall,  as  shown  in  Fig.  6((b). 
The  upstream  children- vortex  shrinks  in  strength  as  it  flows,  while 
the  downstream  one  recovers  its  strength  across  the  whole  chan¬ 
nel  (Fig.  6(c)).  The  small  upstream  children- vortex  will  decay 
as  it  goes  downstream  and  be  merged  with  the  upstream  vortex 
(Fig.  6(d)).  This  forms  one  complete  cycle  of  ‘vortex  splitting’. 
The  disturbance  streamfunctions  of  As  =  0.04  and  As  =  0.05 
were  seen  to  be  similar  to  those  of  As  =  0.03,  indicating  the  ap¬ 
pearance  of  a  new  developed  regime  of  the  wave/flow  interaction, 
termed  'vortex  splitting’  regime. 

Streamwise  variations  of  the  amplification  factor 
log(E(x)/E0)  of  the  fundamental  wave  component  are 
presented  in  Fig.  7.  Here,  E( x)  is  defined  by  the  centerline 
value  of  v'  amplitude  distribution,  i.e.,  E(x)  =  vf.ms,  instead  of 
criteria  5  used  in  Fig.  5.  As  can  be  seen,  the  response  of  the  flow 
to  the  surface  blowing  is  systematic  up  to  As  =  0.02  (called 
‘monotonic’  regime).  Beyond  this  threshold  value,  a  new  ‘vortex 
splitting’  regime  is  observed,  in  which  spike-like  peaks  appear  in 
the  distribution.  For  example,  the  peak  occurs  at  about  x  =  40/i 
for  As  =  0.03.  These  locations  are  related  to  the  vortex  splitting 
observed  in  Fig.  6.  The  location  of  the  peak  goes  downstream  as 
As  increases.  So,  for  As  =  0.04,  peak  locates  at  x  =  50 h  and 
for  As  =  0.05,  at  x  —  75h. 

Figure  8  represents  the  growth  rate  of  the  fundamental  wave  at 
various  blowing  strengths.  For  large  blowing  strengths  (As  > 
0.03),  the  value  a;  decreases  dramatically  to  a  negative  extreme 
and  then  abruptly  changes  the  sign,  which  decays  to  an  ordinary 


Table  1 :  Summary  of  the  computation  cases. 


Cases 

Ats  (%) 

As 

L 

Grid  system 

Casel 

0.01 

0. 

120 

1024x128 

Case2 

0.01 

0.005 

120 

1024x128 

Case3 

0.01 

0.01 

120 

1024x128 

Case4 

0.01 

0.015 

120 

1024x128 

Case5 

0.01 

0.02 

120 

1024x128 

Case6 

0.01 

0.025 

120 

1024x128 

Case7 

0.01 

0.03 

120 

1024x128 

Case8 

0.01 

0.04 

120 

1024x128 

Case9 

0.01 

0.05 

120 

1024x128 

Case  10 

0.01 

0.1 

120 

1024x128 
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Re=5000,  A^O.01% 


Figure  8:  Growth  rate  of  the  fundamental  wave  at  various  Figure  9:  Disturbance  energy  of  the  fundamental  compo- 
blowing  strengths.  nent  at  x  =  lOO/i. 


value.  Note  that  the  locations  of  the  peaks  and  the  abrupt  change 
of  the  sign  are  consistent  with  those  of  the  vortex  splitting  and  the 
spike-like  peaks  observed  in  the  Figs.  6  and  7.  Figure  9  shows  the 
fundamental  component  of  the  disturbance  energy  at  x  =  100 h. 
This  can  be  calculated  from  Fig.  7.  The  disturbance  energy  has  a 
maximum  at  As  =  0.015  and  then  decreases  as  >15  increases. 

CONCLUDING  REMARKS 

A  direct  numerical  simulation  was  done  to  study  the  spatial 
stability  of  the  channel  flow  in  the  presence  of  a  local  surface 
suction/blowing.  Inside  the  interaction  zone,  the  surface  suc¬ 
tion/blowing  was  found  to  increase  the  amplification  factor  sig¬ 
nificantly  in  the  subcritical  case.  A  threshold  value  of  the  blow¬ 
ing  was  found,  above  which  the  wave  development  changed  its 
behavior,  i.e.,  the  spikes  and  the  corresponding  vortex  splitting 
appeared  in  the  streamwise  amplitude  distribution.  A  new  devel¬ 
oped  regime  of  the  wave/flow  interaction  was  observed,  which  is 
termed  ‘vortex  splitting’  regime.  The  locations  of  the  peaks  and 
the  abrupt  change  of  the  sign  of  a  were  consistent  with  those  of 
the  vortex  splitting  and  the  spike-like  peaks.  In  a  global  point  of 
view,  the  present  work  is  also  connected  with  the  receptivity  prob¬ 
lem,  in  which  the  flow  response  on  some  external  disturbances  is 
main  concern.  In  that  case,  we  may  consider  the  T-S  wave  as  an 
‘external’  disturbance. 
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ABSTRACT 

Field  measurements  made  at  high  and  low  flows  with 
electronic  Pitot  tubes  show  logarithmic  velocity  profiles  to 
fit  over  much  of  the  flow  depth  in  high  relative  roughness, 
gravel  bed  rivers.  Under  mobile  bed  conditions,  a  direct 
relation  between  bed  material  size  and  hydraulic  roughness 
was  not  evident  but  a  linear  relation  between  hydraulic 
roughness  and  bed  shear  stress  was  identified. 

The  ratio  of  mobile  bed  shear  stress  to  hydraulic 
roughness  may  depend  on  turbulent  kinetic  energy  per  unit 
depth. 

INTRODUCTION 

Analysis  of  vertical  profiles  of  streamwise  velocity 
measured  in  gravel  bed  rivers,  requires  careful  re-appraisal 
of  factors  often  taken  for  granted  in  laboratory  flume 
studies. 

A  primary  problem  is  to  define  where  the  actual  river  bed 
lies.  This  becomes  more  difficult: 

(i)  when  the  bed  material  becomes  larger  in  relation  to 
flow  depth, 

(ii)  when  the  bed  becomes  mobile  and  entrained  in  the 
flow,  and 

(iii)  where  bed  forms  (sometimes  moving)  are 
superposed  on  the  bed. 

A  second  problem  is  to  define  a  representative  roughness 
size  for  the  material  forming  the  bed.  This  becomes  more 
difficult  as  the  range  in  particle  size  of  bed  material 
increases  and  under  conditions  (ii)  and  (iii)  above. 

Thirdly,  most  formulae  for  predicting  flow  depth  and 
velocity  have  been  verified  under  controlled  conditions  and 
rely  on  knowledge  of  local  energy  grade.  Under  flood 
conditions  in  gravel  bed  rivers,  it  is  difficult  to  accurately 
measure  local  water  surface  slope. 

In  order  to  analyse  New  Zealand  gravel-bed  river  data 
measured  under  a  combination  of  the  above  conditions,  it 
was  necessary  to  adopt  some  unambiguous  definitions  for 
reference  levels  and  roughness  size. 


The  river  data  were  therefore  plotted  with  vertical 
coordinate,  z  =  -  h  +  E  where  h  is  the  hydrostatic  depth 

below  the  water  surface  at  which  a  velocity  was  measured 
and  h™,  is  the  maximum  hydrostatic  depth  reading  during 
lowering  and  raising  the  velocity  meter.  The  adjustment  E  is 
introduced  to  cover  velocity  profile  origin  displacement  and 
because  it  was  usually  unknown  whether  the  velocity  meter 
came  to  rest  (h  =  hmJ  on  top  of  a  large  boulder  or  in  a  hole 
in  the  river  bed.  E  was  incremented,  or  decremented,  by  a 
few  millimeters  at  a  time,  until  the  best  fit  of  the  logarithmic 
profile  was  found: 

u  =  (U*/k)  ln(z)  -  (U*/k)  ln(Zo)  (1) 

where  Von  Karman’s  k  is  assumed  to  have  a  constant 
value  of  0.4  and  shear  velocity  U*,  and  hydraulic  roughness 
Z„  ,  are  parameters  of  the  fitted  profile.  The  “optimum” 
value  of  E  was  used  with  the  corresponding  value  of  Z  to 
define  the  flow  depth: 

H  =  h^  +  E-Z„  (2) 

The  channel  bed  is  thus  defined  to  be  where  a  log-profile 
representation  of  local  time  averaged  velocity  vanishes  when 
extrapolated  into  the  bed.  Thus  u  =  0  at  elevation  z  -  Z 
above  the  datum  z  =  0.  This  gives  a  realistic  position  for  the 
bed  when  the  meter  comes  to  rest  on  a  rock  protruding 
above  general  bed  level  as  shown  in  the  lower  left  profile  of 
Fig.  1. 

Where  a  logarithmic  velocity  profile  cannot  statistically 
be  rejected,  this  technique  fixes  the  location  of  the  bed  and 
gives  a  unambiguous  method  for  calculation  of  flow  depth, 
H ,  when  the  bed  is  irregular  or  moving. 

DATA  COLLECTION 

‘Instantaneous”  turbulent  velocities  were  measured  by  a 
weighted,  electronic  Pitot  tube  (NIWA  POEM  1000) 
lowered  on  a  cable  or  rod  into  a  river.  A  ring  of  holes 
surrounding  the  Pitot  tube,  with  the  holes  perpendicular  to 
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the  flow  direction,  indicated  the  static  head  of  water  above 
the  instrument.  The  static  head  port  and  neighboring 
forward-facing  Pitot  tube  port  were  connected  to  opposite 
sides  of  the  diaphragm  of  a  rapid  response  differential 
pressure  transducer  located  behind  the  Pitot  tube.  In  this 
way  the  velocity  fluctuations  in  the  flow  were  separated 
from  pressure  fluctuations  by  the  transducer.  Static  head  and 
dynamic  velocity  head  data  were  recorded  24  times  per 
second  as  the  instrument  was  slowly  lowered  to  the  river  bed 
and  slowly  raised  again,  so  that  a  vertical  profile  of  turbulent 
velocity  versus  depth  was  obtained.  More  detailed 
description  of  the  instrumentation  is  given  by  Smart  (1991, 
1994)  and  Smart  &  Carter  (1995). 

A  typical  vertical  profile  of  longitudinal  velocities 
comprised  around  4000  depth  and  velocity  pairs  recorded 
over  3-4  minutes.  Descriptions  of  gravel  bed  river  sections 
investigated  are  given  by  Nikora  and  Smart  (1997). 

DATA  ANALYSIS 

For  rough,  non-mobile  beds  at  high  Reynolds  numbers, 
the  hydraulic  roughness  is  related  to  a  sediment  size 
parameter  (e.g.  Van  Rijn,  1982).  Under  mobile  bed 
conditions  in  the  gravel  bed  rivers,  no  such  relationship 
could  be  identified.  This  could  indicate  that  the  sampled  bed 
grain  size,  dK,  is  not  representative  of  hydraulic  roughness  in 
these  rivers  or  that  local  dn  could  not  be  determined  with 
sufficient  accuracy  to  reveal  any  pattern,  or  a  combination  of 
both.  However,  analysis  of  the  data  indicated  that  under 
mobile  bed  conditions  there  appears  to  be  a  relationship 
between  Zo  and  bed  shear  stress  (pU*2)  as  shown  in  Fig.  2. 

Chamberlain  (1983)  showed  that  atmospheric  Z  is 
proportional  to  U*2/  2 g  with  sand,  snow  and  the  surface  of 
the  ocean  forming  the  boundary  roughness. 

For  the  gravel-bed  river  data  the  empirical  relation: 

Z,  =  m  U*2/  2 g  for  mobile  bed  (3) 

appears  to  break  down  under  conditions  when  the  flow 
velocities  were  not  sufficient  to  move  bed  material  (Figure 

2). 

This  may  be  compared  with  relations  of  type: 

Z,  =  0.14  v  /  U*  for  hydraulically  smooth  bed  (4) 

where  kinematic  viscosity,  v,  is  constant  over  the  flow 
depth.  Equations  (3)  and  (4)  are  equivalent  if  we  replace  v  in 

(4)  by  vra  where: 

vun=  (m  /  (0.28  g))  U*’  turbulent,  mobile  bed  (5) 

and  assume  vtrr  to  be  the  depth  averaged  value. 
According  to  Nezu  &  Nakagawa  (1993),  eddy  viscosity,  v,, 
can  be  given  approximately  by: 

v  =(tf/k.e.)U*5  (6) 

where  k.e.  is  the  flow  turbulent  kinetic  energy.  Equations 

(5)  and  (6)  imply  that  m  depends  inversely  on  the  turbulent 
kinetic  energy  per  unit  depth. 


This  relation  is  investigated  in  Fig.  3  where  the  variance 
in  turbulent  velocity  measurements  over  a  vertical  profile  is 
taken  to  represent  turbulent  kinetic  energy. 

CONCLUSIONS 

Iterative  adjustment  of  the  origin  offset  was  successfully 
used  to  achieve  a  statistically  significant  logarithmic 
velocity  profile  fit  in  rivers  with  high  relative  boundary 
roughness.  The  criteria  of  best  fit  of  the  velocity  profile  to 
the  measured  data  was  used  to  determine  values  of 
logarithmic  profile  parameters  which  can  vary  depending  on 
the  position  chosen  for  the  origin  of  the  profile  z  =  0. 

With  bed  shear  stress  and  hydraulic  roughness 
determined  in  this  way  a  linear  relation  between  these 
parameters  was  evident  when  the  channel  bed  was  mobile. 

The  ratio  of  mobile  bed  shear  stress  to  hydraulic 
roughness  appears  to  depend  on  turbulent  kinetic  energy  per 
unit  depth. 
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NOTATION 

dw=  grain  size  for  which  90%  of  a  sample  of  bed  material  is 
finer; 

E  =  offset  correction  to  vertical  axis  to  optimise  fit  of  Eq.  1 ; 
g  =  gravitational  force  per  unit  mass; 
hmix  =  maximum  hydrostatic  depth  measured  during 
lowering  and  raising  meter; 

H=  flow  depth  ( =  hma  +  E-Za ); 
m  =  ratio  of  hydraulic  roughness  to  shear  velocity  head; 
u  =  local  “instantaneous”  streamwise  velocity; 
u  =  local,  time  averaged  streamwise  velocity; 

U*=  friction  velocity,  =  -J  t0  /  p  ; 
z  =  distance  from  the  origin  of  vertical  profile  of  velocity; 
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p  =  density  of  water; 

r0  =  shear  stress  on  channel  bed; 


Z  =  hydraulic  roughness  parameter; 

K  =  universal  von  Kantian  constant  (k  =  0.40); 

v  =  kinematic  viscosity  of  water; 

vun  =  depth  averaged  eddy  viscosity  with  mobile  bed; 


rangitata  9  arandel  rangitata  e  arundet 


Fig  1  Profiles  of  downstream  river  velocity  with  U*  =0.33, 0.34,  0.56  and  1 .45  m/s  respectively. 
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Fig.  2  Relation  between  bed  shear  and  hydraulic  roughness  in  gravel  bed  rivers. 


Fig.  3  Ratio  of  hydraulic  roughness  to  bed  shear  stress  as  an  inverse  function  of  turbulent  kinetic  energy  per  unit  depth. 
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ABSTRACT 

Numerical  flow  field  simulations  inside  a  permeable  walled 
duct  with  an  impermeable  diverging  area  are  obtained  by 
solving  the  Navier-Stokes  equations  with  an  appropriate  k-z 
turbulence  model.  For  these  simulations,  turbulence  is  miected 
at  the  wall,  according  to  experimental  studies  of  the  fluid 
mechanics  associated  with  porous  walls.  In  the  present  case,  the 
turbuient  kinetic  energy  at  the  wall  is  considered  as  a  parameter. 
In  order  to  take  into  account  the  mass  transfer  at  the  wall,  an 
asymptotic  analysis  of  the  k-z  turbulence  model  is  carried  out 
and  indicates  that  a  high  Reynolds  number  k-z  formulation  is 
required  to  perform  the  simulations.  A  Couette  flow  model  is 
also  proposed  with  the  aim  of  investigating  mean  flow 
properties  at  the  blowing  wall.  Some  interesting  features  of  the 
flow  are  also  presented.  A  transition  phenomenon  from  the 
laminar  to  the  turbulent  flow  regime  is  observed  in  the  duct. 
The  average  mean  velocity  and  the  Reynolds  stress  tensor  are 
compared  with  experimental  data.  The  wall  layer  in  presence  of 
turbulent  mass  transfer  is  investigated  in  detail.  Of  interest  is 
the  absence  or  diminished  influence  of  the  viscous  sublaver. 

INTRODUCTION 

The  objective  of  this  work  is  to  investigate  the  flow  field 
characteristics  in  presence  of  turbulent  mass  transfer  at  the  wall. 
In  practical  applications,  biowing  wail  is  encountered  in  solid 
propellant  rocket  motors.  (Chaouat  1997).  The  injected  gas 
flow  at  the  wall  is  generated  by  the  solid  propellant  combustion. 
This  type  of  application  presents  great  physical  interest  because 
the  turbulence  structure  in  this  flow  is  quite  different  from  that 
in  pipe  or  boundary  layer  flow  with  impermeable  wall.  The 
fluid  mechanics  associated  with  turbulent  mass  transfer  from 
porous  walls  has  recently  been  investigated  by  Avalon  (1991). 
Ramachandran  et  al.  (1992).  Ramachandran  remarked  that  the 
flow  exiting  from  a  porous  walls  presents  turbulence  intensity' 
at  the  wall  which  is  proportional  to  the  filter  rating  (pore  size) 
and  increases  linearly  with  the  mean  flow  intensity  Twenty- 


percent  turbulence  intensity'  magnitude  is  mesured  near  the  wall 
from  the  100  microns  sample.  These  results  of  interest  indicate 
that  turbulence  is  introduced  by  the  porous  wall.  However,  the 
mesurements  cannot  be  achieved  in  the  region  very  close  to  the 
wall  (some  dimensionless  unit  distance)  because  the  probe  is 
located  a  few  milimiters  away  from  the  porous  wall.  In  this 
work,  we  propose  to  perform  numerical  simulations  with 
refined  meshes  near  the  wall  (0.3  pm)  in  order  to  obtain  a  high 
resolution  of  the  turbulent  flow  field.  Some  appropriate  k-z 
damping  functions  are  chosen  according  to  the  results  of  the 
asymptotic  analysis  of  the  k-z  turbulence  model,  based  on  the 
Taylor  series  expansions  in  space  for  the  velocity  and  pressure 
fluctuations.  This  approach,  deduced  from  the  formalism  of 
Hinze  (1975).  was  applied  by  Speziale  et  al.  (1992)  to  k-z 
turbulence  modeling  for  an  impermeable  wall. 

A  Couette  model  is  also  proposed  for  investigating  the 
mean  flow  properties  in  presence  of  mass  transfer  at  the  wall.  In 
the  past,  similar  works  were  conducted  by  Stevenson  (1965). 
Launaer  and  Spalding  (1972)  and  recently  by  Bizot.  (1995).  In 
this  study,  the  Couette  equations  are  solved  by  taking  into 
account  the  pressure  gradient  term  and  turbulence  injection  at 
the  wall. 


TURBULENCE  FLUCTUATIONS  AT  THE  WALL 
The  theoretical  approach,  usually  used  to  analyse  the 
turbulent  flow  in  the  wall  region,  is  based  on  the  Taylor  series 
expansions  in  space  for  the  velocity  components  and  the 
pressure  fluctuations.  In  this  study,  this  approach  is  extended  to 
the  case  ot  a  blowing  wall.  A  cartesian  frame  of  reference  jc,.  x-.. 
.V;  is  considered  with  the  direction  .v,.  along  the  mean  flow 
velocity,  normal  to  the  wall.  The  characteristic  of  the  blowing 
wall  is  to  introduce  some  fluctuations  at  the  wall  (jc2=0)  which 
must  be  related  to  the  mean  injected  velocity.  Above  a  certain 
threshold  of  the  mass  flow  rate,  the  injected  flow  becomes 
turbuient.  The  Taylor  series  expansions  of  the  velocity 
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fluctuations  u '  and  the  pressure  fluctuations  p '  are  given  by  a 
local  expansion  in  space  with  respect  to  the  coordinate  x,. 


These  expressions  are  as  follows  : 

u'(xt,xt,x„t)  =u;(xt.0,x„t) 

AXi'dJu!,  A 

+  I'"| . —  (*,,  °.X„0  • 

>- 1  J !  Sr2 


(1) 


p'{x„x2,x2,t)  =p'(x,,0.x,,t) 
x:  ‘  dJp' 


-(x,,0  ,x,.f). 


(2) 


j-  Sxi 

No  particular  assumptions  have  been  made  regarding  the 
fluctuation  intensities  «j,  u\  and  u\  at  the  wall  associated  with 
the  directions  x,,  x;  and  x3,  although  the  mean  injected 
velocity  is  along  the  direction  x:.  By  introducing  the  new 
functions: 

1  8‘u' 

a  (x,,x,  ,0  =  —— 0,x,,t),  (3) 

j!  dxi 

I  8’ p' 

a  (x,,x,,/)  =  — — —  (x,,0,x,,/),  (4) 

j!  dxi 

the  fluctuations  u'  and  p'  can  be  rewritten  in  a  simpler 
compact  form  as: 


u;(x„x2,x,,t)  =  x(  , 

J*  « 

p'(xt,x2,x,,t)  =  ,(x,,x,,r)  x2  , 


(5) 


(6) 


where  aw  =  k'(x,,0,x,,0  and  a„  =  p'(x,  ,0,x,  ,0-  For  an 
impermeable  wall,  the  coefficients  a.„  are  zero.  This 
theoretical  formulation  is  convenient  in  describing  the  turbulent 
process  near  the  wall.  For  instance,  by  using  the  Reynolds 
average,  one  can  easily  obtain  the  following  exact  expression  of 
the  turbulent  kinetic  energy  : 


1 


^  :r  ^  To  ) 


(7) 


"*"(^10^11  '*■^20^21  ^30^31  )  ■'■2  0(x,  )  . 

As  can  be  expected,  this  expression  shows  that  k  presents  a 
linear  variation  near  the  wall  (x2=0).  The  first  square  correlation 
term  represents  the  contribution  of  the  injected  turbulence  at  the 
wall.  For  impermeable  wall,  only  some  fluctuation  correlations 
of  the  coefficients  ayj  have  been  obtained  by  Kim  et  al.  (1988) 
for  a  flow  field  in  a  plane  channel.  In  the  same  way.  turbulent 
processes  such  as  the  production,  the  destruction  and  the 
diffusion  of  the  k  and  c  transport  equations,  can  be  calculated 
by  this  formalism.  For  instance,  the  diffusion  of  the  turbulent 
kinetic  energy  generated  by  the  velocity  fluctuations. 

1  8 


2  8x 


(8) 


takes  the  form  as  : 


«K*)  =  -  -  «  +<4  +Oa,, 

"^"(^in^n  ^20^21  )  ^2ii  +  0(X2}  ■ 


(9) 


ASYMPTOTIC  ANALYSIS  OF  THE  k-t  MODEL 


Numerical  simulations  using  the  standard  k-£  turbulence 
model  (Jones  and  Launder.  1972)  require  the  knowledge  of 
damping  functions  which  have  been  only  calibrated  for 
impermeable  walls.  These  functions  /j,/2  and  f  appear  in  the 
k-z  model  equations  in  the  following  way: 


8k 

i  77" 

8k 

8t 

+  uj 
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dxj 

8 

Y 

8k  ' 

8xt  _ 
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o  J 
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dz 

j  77 

dz 
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■  u 

1  aT 

v.  ^  dz 

V  H - —  - 

l  o  J8x) 
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(10) 


(11) 


where  the  turbulent  eddy  viscosity  v ,  is  evaluated  as  : 


and  the  double  velocities  correlation  u!u'  is  modeled  by 
the  well-known  Boussinesq  hypothesis.  In  (10),  (11),  (12),  c,, 
c2,  cM,  ak  and  oe  are  constant  coefficients.  The  asymptotic 
analysis  of  the  k-z  equations  consists  in  comparing  the  order  of 
magnitude  of  the  exact  expressions  of  the  diffusion,  production 
and  destruction  terms  of  the  exact  k-z  transport  equations  with 
the  modeled  diffusion,  production  and  destruction  terms  of 
equations  (10)  and  (11).  Since  the  Taylor  series  expansions  of 
the  exact  diffusion,  production  and  destruction  terms  calculated 
by  using  (5)  and  (6)  are  0(1)  at  the  wall  with  turbulent  mass 
transfer,  this  analysis  indicates  that  the  damping  functions  must 
be  0(1),  (Chaouat,  1994).  The  matching  conditions  with  the 
core  flow  require  that  these  functions  are  equal  to  one  in  the 
outer  region  of  the  wall  zone.  For  practical  applications,  these 
functions  are  taken  to  unity.  The  interpretation  of  this  result  is 
that  a  wall  with  turbulent  mass  transfer  should  be  considered  as 
a  virtual  wall  for  the  numerical  simulations. 


For  the  impermeable  wall,  the  following  damping  functions, 
which  satisfy  the  asymptotic  conditions  for  the  k-z  turbulence 

model  (Speziale  et  al.,  1992) /,=  0(1) ,  f2=0(x\), 
/„  =  0(1  /  x2 ) ,  are  proposed  as  defined  recently  by  Mvong 
and  Kasagi,  (1992) : 


and : 


/,  =l-a,e  , 

f  *.'V 

/2  = 


i-e 


V 


i  + 


tanh  ^ 

U,y 


(13) 

(14) 

(15) 


where  /?,=/: 2  /  ve  is  the  turbulent  Reynolds  number 


and  x*  is  the  dimensionless  variable.  The  numerical  values  are 
the  following:  a,  =2/9.  a2  =  36.  a3  =  4.9,  a4  =  3.45.  a<  =  70. 
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COUETTE  FLOW  ANALYSIS 
A  useful  theoretical  approach  in  determining  the  mean  flow 
characteristics  near  a  blowing  wall  consists  in  making  the 
Couette  assumptions  in  the  Navier-Stokes  equations.  In  this 
situation,  by  using  the  Reynolds  average  in  order  to  decompose 
each  instantaneous  variable  into  mean  and  fluctuating  part,  the 
steady  momentum  equation  in  the  longitudinal  direction  x,  is 
written  as  follows  (Cebeci  and  Smith.  19741 : 


3m,  dp  d1u.  d  — — - 

mT~=  ~  ^TT-P- (»«  )■  (16) 

ox  2  ox.  ax,  ox. 


where  m  is  the  injected  mass  flow  rate  defined  as  m=  pu,. 
The  steady  momentum  equation  in  the  normal  direction  x ,  , 
reduces  to  dp  /  dx^  =  0  .  For  the  Couette  analysis,  it  is  more 
convenient  to  introduce  the  dimensionless  variables  defined  as: 


*  *  «, 
V 


.  m  „  t 

m  = - .t  = - . 

PM,  PM,  ' 


(17) 


where  u,  is  the  friction  velocity.  By  using  these  variables,  a 
first  integration  of  equation  (16)  can  be  rewritten  in  the 
dimensionless  form  as  : 


,  -r  -  „  U  U  UU,  7 

\  +  m  «,  +  x.  .  (18) 

dx ,  dx2  ' 

In  the  general  case,  this  equation  cannot  be  solved  theoretically. 
If  we  consider  the  regime  where  the  flow  injected  at  the  wall  is 
laminar,  the  turbulence  contribution  in  the  viscous  sublayer 
vanishes.  By  using  the  boundary  condition  of  the  shear  stress, 
equation  (18)  can  be  integrated  and  the  velocity  profile  takes 
the  form  as : 

«f  (*:*)  =  "4  f  -1) - —  —  .r;.(19) 

m  \  m  ox,  J  m '  ex'  ' 

Expression  (19)  shows  that  the  dimensionless  velocity  profile 
presents  an  exponential  variation  versus  the  dimensionless 
distance.  However,  for  a  particular  value  of  the  dimensionless 
pressure  gradient  given  by  dp'  l ex'  =-nf  which  implies 
that  the  shear  stress  at  the  wall  t  „  =  -  (q :  m)  dp  i  dx.  .one 
finds  again  the  standard  velocity  profile  tt*  =  x',  in  the 

viscous  sublayer  (  .t,'  <  3  ).  Above  a  certain  threshold  of  the 
injected  mass  flow  rate,  the  turbulence  contribution  cannot  be 
neglected  at  the  wall.  In  this  case,  equation  (18)  cannot  be 
solved  theoretically.  However,  a  Taylor  series  expansions  in 
space  of  the  dimensionless  velocity  profile  can  be  made.  One 
can  obtain  : 

(i +«r«r  x2 

———  CD*  3  _ 

+  [m*(l +«,*'«;■  )  +  — —  -t-  — (K|* m;  )]  (20) 

cx.  cx.  '  '  0 


the  turbulence  injection  introduced  at  the  wall,  the  mass  flow 
rate  and  the  pressure  gradient. 


BOUNDARY  CONDITIONS  OF  COMPUTATIONAL 
DOMAIN 

Figure  1  shows  the  experimental  apparatus  and  corresponds 
to  a  nozzleless  solid  rocket  motor  using  a  porous-walled  duct 
with  an  impermeable-walled  diverging  area.  The  duct  length  L 
is  48  cm  and  the  height  h  is  1  cm.  A  refined  grid  has  been 
defined  for  the  simulations.  The  space  discretization  requires 
171x  120  meshes  in  the  directions  x,  and  x2.  The  thickness 
Ax.  between  two  consecutives  grid  points  is  taken  as  0.3  pm. 
so  that  the  dimensionless  thickness  near  the  wall  region.  Ax,' 

is  of  a  magnitude  of  0. 1  wall  unit.  The  cold  flow  characteristics 
for  the  computations  are: 

-  Air  molecular  weight:  M=29  1  O'3  kg/mole; 

-  Specific  heat  ratio:  y  =  1.4  ; 

-  Mean  static  pressure:  3  bars ; 

-  Injection  temperature:  260  K  ; 

-  Injected  mass  flow  rate:  13  kg/m:s. 


Boundary  conditions  for  the  permeable  wall  are  applied  to  the 
computational  domain.  The  turbulent  kinetic  energy  at  the  wall 
is  considered  as  a  parameter.  In  order  to  see  the  influence  of  the 
turbulence  at  the  wall,  the  first  simulation  is  made  without 
injected  turbulence  intensity,  whereas  the  second  simulation  is 
performed  with  turbulence  intensity,  equals  to  75  %  of  the 
injected  mean  square  velocity.  Regarding  the  boundary 
conditions  of  the  dissipation  rate  e  in  the  case  of  turbulent 
injection,  the  hypothesis  of  universal  spectrum  of  turbulence  in 
the  inertial  sub-range  has  been  made.  According  to  this 
consideration,  the  dissipation  rate  is  obtained  by: 


where  the  turbulence  length  scale  1  is  assumed  to  be  of  the 
same  order  of  that  of  the  wall  porosity  (100  pm).  For  the 
impermeable  wall,  the  turbulent  kinetic  energy  at  the  wall 
(x:=0)  is  zero  and  the  dissipation  rate  is  obtained  by  the  well 
known  relation  : 


E 


=  2  v 


+  0(xj). 


(22) 


NUMERICAL  RESULTS 

In  this  section,  numerical  flow  field  simulations  are  presented. 
The  numerical  results  are  compared  with  experimental  data 
obtained  by  Traineau  et  al„  (1986)  at  ONERA.  The  accuracy  of 
the  numerical  scheme  is  of  the  second  order  in  time  and  space. 
Figure  2  shows  the  pressure  contours  of  the  flow.  It  can  be  seen 
that  the  pressure  is  constant  along  the  direction  normal  to  the 
wall.  The  evolution  of  the  integral  momentum  flux  coefficient 
introduced  by  Huesmann  and  Eckert  (1968)  defined  by  : 


+0(x;). 

This  expression,  written  in  the  general  form  with  the 
dimensionless  Reynolds  stress  tensor,  indicates  that  the  linear 
profile  is  no  longer  valid  because  of  the  turbulence  effects.  It  is  uhich  provides  a  criterion  for  the  transition  velocity  profile,  is 

shown  that  the  dimensionless  velocity  profile  is  governed  bv  plotted  in  figure  3.  It  can  be  observed  by  the  rapid  drop  in  the 

coefficient  P  that  the  numerical  calulations  predicts  a  transition 


oA  [pu'dx2 


(23) 
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regime  which  occurs  respectively  at  *,=0.10  cm  and  0.15  cm 
for  the  simulations  performed  with  and  without  turbulence 
injection.  These  results  are  quite  close  to  the  experimental 
prediction  observed  for  *,=  18  cm.  Figure  4  shows  the  evolution 
of  the  normalized  mean  velocity  profiles  M|*=k,/u,c  (where  n,c 
is  the  center  velocity)  and  the  turbulent  Reynolds  stress  tensor 

uiui  corresponding  to  the  duct  cross-sections  located  ai 
different  axial  distances.  *,=  11,1  cm;  24.1  cm;  40.6  cm.  One 
can  notice  that  the  velocity  profiles  are  in  very  good  agreement 
with  the  experimental  data.  The  flattening  of  the  velocity  curves 
is  attributed  to  the  effects  of  turbulence.  For  the  first  section,  it 
can  be  noted  that  the  Reynolds  stress  profiles,  deduced  from  the 
simulation  performed  with  some  turbulence  intensity  at  the 
wall,  show  a  better  agreement  with  experimental  data.  Figure  5 
shows  the  profile  of  the  dimensionless  velocity  u f  =  u,/uT 
near  the  wall  region  with  the  normal  dimensionless  distance  to 
the  wall  *2  =x,uT/v  for  x*  <  1 0  .  As  it  could  be  expected  by 
the  previous  Couette  analysis,  the  slope  coefficient  of  the 
dimensionless  mean  velocity  gradient  at  the  wall  is  equal  to 
unity  for  the  simulation  performed  without  turbulence  injection. 
Numerical  data  indicate  that  dp'  /dr*  =  -m'  which  implies 
that  the  linear  velocity  law  is  the  physical  solution  of  equation 
(18)  in  the  viscous  sublayer.  For  the  other  simulation  performed 
with  turbulence  injection,  the  slope  coefficient  is  approximately 
1/40  which  is  in  good  agreement  with  the  prediction  of 
expression  (20)  rewritten  with  the  k-z  turbulence  model.  As  it 
was  expected  in  this  case,  the  linear  profile  is  no  ionger  valid 
because  of  the  turbulent  effects. 

Figure  6  shows  the  dimensionless  evolutions  of  the  turbulent 
kinetic  energy  k  —kJ  up  and  dissipation  rate  z'=z v/kt4  in  a 
duct  cross-section  located  at  *,=24. 1  cm.  It  can  be  observed  that 
these  turbulent  terms  vary  on  a  very  large  dimensionless 
distance  (  *;  =  5000  or*2=A/2)  to  be  completiy 

described. 


CONCLUSION 

Numerical  flow  field  simulations  induced  by  wall  injection, 
have  been  presented.  These  investigations  allow  one  to  improve 
the  fluid  mechanics  understanding  of  this  type  of  flow.  The 
computed  velocity  profiles  indicate  very  good  agreement  with 
the  experimental  profiles  and  the  transition  phenomenon  from 
laminar  to  turbulent  regime  is  correctly  predicted.  The  wall 
region  in  presence  of  mass  transfer  has  been  investigated  in 
details.  Paniculary  interesting  is  the  absence  of  the  viscous 
sublayer  in  the  case  of  turbulence  injection  at  the  wall.  The 
second  order  closure  model  (Launder  et  al..  1975, 
Speziale.  1991)  which  requires  transport  equations  for  each 
components  of  the  Reynolds  stress  tensor  could  be  an 
alternative  for  investigating  this  type  of  flow. 
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FIGURE  2.  PRESSURE  CONTOURS  IN  THE  PERMEABLE  WALLED-DUCT 

Ap=0.05  bar. 


*. 

FIGURE  3  :  EVOLUTION  OF  THE  MOMENTUM  COEFFICIENT  (3  : 
— zero  turbulence  intensity,  — 75%  turbulence  intensity. 
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FIGURE  4.  COMPARISON  OF  THE  EXPERIMENTAL  AND  NUMERICAL  PROFILES 
FOR  THE  NORMALIZED  MEAN  VELOCITY  U\*=U\IU\C  AND  REYNOLDS  STRESS  U[U[ 
IN  VARIOUS  CROSS-SECTIONS  OF  THE  DUCT : 

***  experimental  data;  -  -0%  turbulence  intensity; - 75  %  turbulence  intensity. 


FIGURE  5.  EVOLUTION  OF  THE  DIMENSIONLESS 
VELOCITY  PROFILE  —  0%  turbulence  intensity;  — 
75%  turbulence  intensity  ;  (a)  \i=l  1.1  cm;  (b)  .\i=24.1  cm; 
(c)  Xi=40.6  cm. 


FIGURE  6.  EVOLUTION  OF  THE  DIMENSIONLESS 
TURBULENT  KINETIC  ENERGY  AND  DISSIPATION 
RATE ;  X|=24. 1  cm  — 75%  turbulence  intensity. 
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ABSTRACT 

The  bursting  phenomenon  within  the  by-pass  transition  on 
the  flat  plate  was  experimentally  investigated.  The  outer  stream 
was  disturbed  by  various  grid  turbulence  generators  to  study  the 
influence  of  length  scale  conserving  the  intensity  of  turbulence 
on  the  leading  edge. 

The  pattern  recognition  technique  to  detect  the  burst  was 
used. 

Dramatic  changes  of  bursting  phenomenon  parameters 
during  the  transition  were  found  out.  The  dependence  on  the 
length  scale  of  outer  stream  was  not  approved. 

INTRODUCTION 

Motivation 

The  concept  of  the  universality  of  the  bursting  phenomenon 
in  the  wall  bounded  shear  flows  is  generally  accepted.  The 
coherent  motions  called  the  bursting  phenomenon,  a  couple  of 
two  events  -  sweep  and  ejection,  play  a  fundamental  role  in  the 
turbulent  energy  and  turbulent  shear  production  in  ever}' 
turbulent  boundary  layer.  They  manifest  themselves  the 
interaction  between  inner  and  outer  parts  of  turbulent  boundary 
layer.  Turbulent  boundary  layer  is  the  final  stage  of  the 
laminar/turbulent  transition  of  a  boundary  layer.  Thus  the 
characteristics  of  bursts  could  be  a  good  indicator  of  the 
evolution  of  transition  process  particularly  in  the  by-pass 
transition  turbulent  boundary  layer  since  the  effect  of  outer 
stream  turbulence  on  bursts  in  a  turbulent  boundary  layer  has 
been  observed.  The  aim  of  presented  study  is  therefore  to  clarify 
the  role  of  the  bursting  phenomenon  in  by-pass  transition. 

By-pass  Transition 

The  process  of  ..natural"  boundary  layer  transition  to 
turbulence  can  be  characterise  by  several  stages.  In  the  first 
stage  the  laminar  boundary  layer  develops  linear  2D 
oscillations,  Tollmien-Schlichting  waves.  Then  the  amplitude  of 
waves  increase,  spanwise  distortions  of  vortical  structures 


develop  and  grow  in  an  increasingly  3D  and  non-linear  manner. 
They  are  eventually  converted  into  turbulent  spots  (intermittent 
region).  Finally  the  fully  turbulent  boundary  layer  originates. 

By-pass  transition  occurs  when  the  formation  and 
amplification  process  of  2D  Tollmien-Schlichting  waves  in 
natural  transition  is  „bypassed“  due  to  presence  of  forced 
disturbances  of  sufficient  amplitude.  Sources  of  such 
disturbances  include  higher  free-stream  turbulence.  In  this  mode 
of  transition.  Tollmien-Schlichting  waves  and  the  above 
described  cause  of  transition  are  less  evident.  They  support  the 
action  of  the  forced  disturbances.  The  first  indication  of 
transition  may  be  the  direct  formation  of  turbulent  spots.  The 
by-pass  transition  significantly  reduces  the  length  of  unstable 
laminar  flow  and  promote  earlier  transition.  The  by-pass 
transition  has  significant  practical  importance. 

Bursting  Phenomenon 

An  important  discovery  in  recent  years  is  that  the  most 
active  dynamical  processes  take  place  in  a  region  very  close  to 
the  wall,  in  region  5<y+<70,  which  at  high  Reynolds  numbers 
may  constitute  a  very  small  portion  of  the  boundary  layer,  often 
less  than  1%  of  the  boundary  layer  thickness.  That  there  is 
strong  activity  in  the  near-wall  region  was  shown  already  by 
Towsend  1956,  but  the  crucial  role  this  region  plays  in  the 
turbulence  dynamics  was  first  conclusively  demonstrated  by 
Kline  et  al.  1967.  They  used  hydrogen  bubbles  generated  by  an 
electric  wire  to  visualize  the  low-speed  water  channel.  This 
technique  revealed  the  presence  of  low-sped  streaks  of  fairly 
regular  spanwise  spacing.  Intermittently,  the  streaks  begin  to 
oscillate  and  they  break  up  in  a  fairly  violent  motion,  a  „burst“. 
Kline  et  al.  1967  proposed  a  conceptual  model  for  bursting.  In 
this  model  the  fundamental  dynamical  mechanisms  sorted  out 
are  the  lift-up  of  low-speed  streak  and  stretching  of  spanwise 
vorticity  producing  a  thin  shear  layer  that  is  inflectionally 
unstable.  The  breakdown  of  this  shear  layer,  possibly  caused  by 


P2-77 


Kelvin-Helmholtz  type  instability,  would  therefore  constitute 
the  main  source  of  small-scale  turbulence. 

Further  visual  studies  e.g.  by  Corino  and  Brodkey  1969 
showed  that  there  were  two  kinds  of  stress-producing  motions: 
ejections  involving  rapid  outflow  of  low-speed  fluid  from  the 
wall  region  and  sweeps  characterized  by  inflow  of  high-speed 
fluid  toward  the  wall.  Both  of  these  processes  contribute  about 
70%  of  the  total  Reynolds  stress.  The  balance  is  made  up  of 
wallward  and  outward  interactions  giving  negative  stress 
contributions.  The  ejections  could  sometimes  involve 
moderately  small  scale  structures.  The  stress-producing  motions 
are  highly  intermittent,  occurring  maybe  about  25%  of  the  total 
time. 

EXPERIMENTAL  SETUP 
Experimental  Apparatus 

The  investigated  boundary  layer  develops  on  a  wooden  flat 
plate  in  the  close  circuit  wind  tunnel  (0.5m  x  0.9m).  The  mean 
velocity  of  the  outer  stream  is  5  m/s.  The  turbulence  level  of  the 
flow  is  controlled  by  means  of  turbulence  generating  plane  grids 
or  screens  of  various  geometry.  Every  grid  is  placed  across  the 
flow  in  the  proper  distance  upstream  from  the  leading  edge  of 
the  plate.  Thus,  there  has  been  achieved  homogeneous 
turbulence  with  the  turbulence  level  3%  and  with  the  dissipative 
length  scales  between  6  and  35  mm  at  the  leading  edge  plane 
(COST/ERCOFTAC  SIG  on  Transition  Test  Case  T3A+). 

Three  grid  generators  of  turbulence  differing  by  geometry 
were  used  to  disturb  the  outer  stream  (GT  1,  GT  3,  GT  5).  In  all 
cases  the  structure  of  the  turbulence  of  outer  stream  in  the 
position  of  leading  edge  was  homogenous  and  close  to  isotropy. 
The  mean  velocity  Uc  =  (5,00±0,05)m/s,  the  intensity  of 
turbulence  Iuc  =  (3,00±0.03)%  and  the  dissipative  length  scale 
U  =  6,8  mm  for  GT  1,  Le  =  16,3  mm  for  GT  3  and  Le  =  34,5 
mm  for  GT  5.  Definitions  of  intensity  of  turbulence  Iu,  and 
dissipative  length  scale  Le: 


where 

u  is  instantaneous  longitudinal  fluctuation  velocity 
component, 

Ue  is  mean  velocity  of  outer  stream. 

The  hot  wire  technique  with  the  single  wire  probe  (DISA 
55P01)  indicating  the  longitudinal  component  of  the  local 
velocity  was  used.  The  DISA  CTA  measurement  system  55M 
indicated  the  velocity.  The  single-hot- wire  technique  is  applied 
with  the  wire  parallel  to  the  wall  and  perpendicular  to  the  main 
stream  direction  due  to  the  small  boundary  layer  thickness. 

The  useful  signals  from  anemometer  were  of  frequencies  up 
to  3  kHz. 

The  anemometry  system  is  connected  to  a  PC  equipped  with 
the  data  acquisition  system  (National  Instruments)  controlled  by 
the  software  Lab  VIEW.  The  data  were  digitally  evaluated.  The 
sampling  frequency  of  25  kHz  was  chosen  as  to  be  able  to 
reconstruct  the  signal  in  details.  In  all  measured  points  the 
record  of  750  000  samples  corresponding  to  30  seconds  was 
taken  and  saved  on  hard  disk  of  computer  to  process  afterwards. 

The  experimental  set-up  has  been  described  in  details  in 
Jonas  et  al.  1 996. 


Procedures 

Adapted  pattern  recognition  method  proposed  by  Wallace  et 
al.  1977  has  been  employed.  This  technique  can  detect  and 
obtain  the  ensemble  averages  of  simple  wave  forms  that  are 
related  to  bursting  phenomenon. 

Only  the  u-signal  patterns  are  recognized  using  a  simple 
criteria.  The  validity  of  the  method  was  proved  by  simultaneous 
processing  of  v-  and  w-signals  as  well  as  uv-  or  uw-  together 
with  u-signal.  It  is  found  that  simple  signal  shapes  describe  the 
turbulence  structures  on  the  average.  The  u-signal  consists  of  a 
gradual  deceleration  from  a  local  maximum  followed  by  a 
strong  acceleration.  The  v-signal  is  found  to  be  approximately 
180°  out  of  phase  with  u-signal.  These  signal  shapes  can  be 
easily  associated  with  the  coherent  structures  that  have  been 
observed  visually. 

On  the  basis  of  this  technique  the  computer  algorithm  was 
created: 

1.  The  u- velocity  voltage  data  from  anemometer  are 
acquired. 

2.  The  voltage  data  are  transformed  into  velocity. 

3.  The  time  series  is  smoothed  by  smoothing  window  of 
appropriate  length. 

4.  The  derivative  of  time  series  is  calculated. 

5.  The  maxima  of  derivative  are  explored,  its  locations 
define  the  limits  of  events. 

6.  In  each  event  the  minimum  of  derivative  is  looking  for. 

7.  The  events  are  sorted  following  the  criterion  if  the 
absolute  value  of  derivative  maximum  is  greater  then  the 
absolute  value  of  minimum.  If  the  criterion  is  accomplished,  the 
event  is  consider  to  be  a  BURST. 

8.  The  characteristics  of  burst  events  (and  also  non-burst 
events)  are  calculated  and  statistically  processed  (temporal 
average,  central  moments,  lengths,  period  of  occurrence). 

This  algorithm  slightly  differs  from  the  Wallace  one. 

RESULTS 

The  investigation  of  bursting  phenomenon  has  been 
executed  in  several  positions  downstream  from  the  leading  edge 
within  the  transitional  boundary  layer. 

Certain  dependence  of  the  bursts  characteristics  on  the 
distance  from  the  wall  has  been  observed  by  several  researchers. 

Hence  the  investigation  has  been  executed  in  the  exactly 
defined  distance  from  the  wall  yB,  where  the  skewness  factor  of 
velocity  fluctuations  changes  its  sign.  This  choice  of  the 
position  is  physically  justified  in  a  turbulent  boundary  layer  as 
there  the  Reynolds  stress  and  the  turbulence  production  have 
their  maximum  while  the  bursting  phenomenon  is  very 
considerably  responsible  for  these  production.  Thus  it  is 
promising  to  observe  bursts  in  this  position  (see  Jonas  1992).  In 
the  fully  developed  turbulent  boundary  layer  the  position  yfl 
corresponds  to  y*  «  12. 

To  describe  the  evolution  of  the  transition  process  the 
measurements  in  the  distance  yB  from  the  wall  was  chosen.  It  is 
possible  to  cany  out  repeatable  observations  without  any 
important  distortion  in  the  distance  yB  using  the  chosen 
experimental  technique.  In  the  figure  1  the  yB  vs.  Re,  (the 
Reynolds  number  defined  as  customary)  courses  are  shown. 

To  define  the  outer  stream  quality  the  position  outside  the 
boundary  layer  were  investigated  (in  the  distance  of  70mm  from 
the  wall). 
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FIG.1  -  THE  DISTANCE  FROM  THE  WALL  FOR  THE 
BURST  INVESTIGATION. 


The  profiles  of  bursting  phenomenon  characteristics  were 
evaluated  in  four  x-positions.  The  first  position  I  (Rex  »  3,1. 104) 
corresponds  to  the  laminar  region  characterized  by  Blasius-Iike 
mean  velocity  profile  in  boundary  layer.  The  second  position  II 
(Rex  »  1,3.10s)  corresponds  to  the  beginning  of  the  transition, 
whereas  the  position  III  (Rex  *  3,1.10s)  corresponds  to  the  late 
stage  of  the  transition  process.  The  last  position  IV  (Re,  * 
4.8.10  )  is  located  in  turbulent  boundary  layer  region.  In  the 
figure  2  the  courses  of  skin  friction  coefficient  are  shown  (Cf 
vs.  Re,).  The  skin  friction  coefficient  is  very  good  indicator  of 
transition.  Hence  the  transition  stages  and  chosen  longitudinal 
positions  can  be  clearly  seen  in  this  figure. 


The  non-dimensional  quantities  characterising  the  length 
and  period  of  occurrence  of  the  bursts  using  both  inner  (index 
+)  and  outer  (index  e)  boundary  layer  parameters  have  been 
defined  as  follows.  The  non-dimensional  mean  period  of  burst 


occurrence  (non-dimensioned 
parameters): 


by  inner  and  outer  flow 

(2) 

(3) 


where: 

Tp  is  the  mean  period  of  bursting  events, 

Ue  is  the  mean  outer  stream  velocity, 
ut  is  the  local  skin  friction  velocity, 

5,  is  the  local  displacement  boundary  layer  thickness. 

The  non-dimensional  mean  burst  durations: 


Tb  =  Tb  —  , 

(4) 

V 

.  -  IT2 

A  B  =  T  B  , 

V 

(5) 

where: 

Tb  is  the  mean  duration  of  bursting  events, 
v  is  the  kinematics  viscosity. 

The  length  of  smoothing  window  was  tested.  In  the  figure  3 
the  dependence  of  the  evaluated  burst  period  T‘  on  the 
smoothing  windows  length  ts  is  plotted  (GT  1,  yB,  Rex  = 
4,8.10s).  It  is  seen  that  the  evaluated  T*  is  approximately 

independent  on  windows  length  for  x,  >  0,01s.  The  value  0,012s 
of  xs(the  rectangle)  was  taken  for  all  following  evaluations. 


The  most  detailed  analysis  of  bursting  phenomenon  was 
performed  in  the  yB  distance  from  the  wall.  In  the  figures  4  and 

5  he  courses  of  T*  and  TB  vs.  Rex  for  the  three  turbulence 

generators  are  compared.  The  inner  non-dimensioning 
parameters  were  chosen  in  this  case.  Any  systematic  influence 
of  outer  stream  length-scales  on  period  of  occurrence  and 
duration  of  bursts  was  not  find  out. 

In  fully  developed  boundary  layer  the  bursting  phenomenon 
in  yB  position  is  characterised  by  following  constant  values  of 
nondimensional  parameters  (Jonas  1992):  T'=30-h32  and 

Tb  =  1,94. (1  + 0,065).  104  . 

Our  results  of  outer  parameters  non-dimensioned  periods 
and  durations  of  bursts  presented  in  the  figures  6  and  7  get  near 
those  values  for  higher  Re,  although  the  fully  turbulent 
boundary  layer  has  not  been  achieved  yet. 
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FIG. 4  -  NON-DIMENSIONED  (BY  INNER  PARAMETERS)  MEAN  PERIOD  OF  BURST  OCCURRENCE. 


FIG. 5  -  NON-DIMENSIONED  (BY  INNER  PARAMETERS)  MEAN  BURST  DURATION. 
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FIG.6  -  NON-DIMENSIONED  (BY  OUTER 
PARAMETERS)  MEAN  PERIOD  OF  BURST 
OCCURRENCE. 


FIG. 7  -  NON-DIMENSIONED  (BY  OUTER 
PARAMETERS)  MEAN  BURST  DURATION. 


distribution  of  burst  duration  TB  (for  the  case  of  GT  1,  Re,  = 

4.8. 105  and  distance  from  the  wall  yB).  This  distribution  is  very 
close  to  lognormal  one.  The  distribution  is  quite  narrow, 
indicating  the  small  range  of  scales  in  the  flow.  The  highest 
amplitude  for  beginning  of  transition  can  be  recognised. 

In  figure  9,  the  normalised  (by  event  length)  and  ensemble 
averaged  patterns  are  seen.  The  presented  case  of  GT  1,  distance 
yB  from  the  wall,  for  various  positions  along  the  transitional 
boundary  layer.  The  maximal  amplitude  of  the  mean  burst  was 
evaluated  in  the  beginning  of  transition  region  (position  II). 


FIG.9  -  EXAMPLE  OF  ENSEMBLE-AVERAGED  BURST 
PATTERNS. 


Item,  the  bursting  phenomenon  outside  the  boundary  layer 
was  investigated.  The  results  are  informative  because  the  used 
technique  was  developed  for  identification  of  the  bursts  inside 
the  boundary  layer.  In  the  figure  10  the  non-dimensional  mean 
burst  period  Tp+  vs.  Re,  is  plotted.  The  value  of  Tp+  is  strongly 

influenced  by  length  scale  of  the  outer  stream.  The  longer 
length  scale  of  outer  stream  the  longer  period  of  bursting 
phenomenon. 


Many  other  statistical  characteristics  of  the  investigated 
events  have  been  evaluated  e.g.  ensemble-averaged  patterns  in 
bursts,  statistics  of  fluctuations  inside  and  outside  of  the 
classified  events  etc. 

Figure  8  shows  the  typical  interpreted  probability  density 


FIG. 8  -  EXAMPLE  OF  PROBABILITY  DENSITY 
DISTRIBUTION  OF  BURST  DURATION. 


FIG.10  -  THE  PERIOD  OF  BURST  OCCURRENCE 
OUTSIDE  THE  BOUNDARY  LAYER. 


Comparison  of  the  profiles  of  the  non-dimensional  mean 
burst  period  Tp  vs.  non-dimensional  distance  from  the  wall 

(normalised  by  impulse  thickness  of  boundary  layer)  for  various 
Re,  is  given  in  the  figure  1 1  and  12  respectively.  Presented  case 
was  evaluated  for  GT  1,  the  other  cases  were  qualitatively 
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similar.  The  bursting  periods  are  shortened  along  the  transition 
region.  Maxima  are  still  lower  and  closer  to  the  wall. 


FIG.  1 1  -  THE  PROFILES  OF  THE  PERIODS  OF  BURST 
OCCURRENCE. 


FIG.  12  -  THE  PROFILES  OF  THE  BURST  DURATIONS. 


Note,  that  while  the  period  of  bursts  grows  for  increasing 
Rex,  the  burst  duration  is  of  highest  value  for  the  beginning  of 
transition  (position  II).  It  could  be  the  evidence  of  amplified 
burst  activity  in  this  region. 

CONCLUSIONS 

There  are  dramatic  changes  of  the  bursting  phenomenon 
parameters  along  the  transitional  boundary  layer.  The  energy  of 
bursts  is  increasing  along  the  transitional  boundary  layer. 

The  systematic  influence  of  the  length  scale  of  the  outer 
stream  on  the  bursting  phenomenon  inside  the  transitional 
boundary  layer  was  not  observed  although  there  are  differences 
of  the  bursting  process  outside  the  boundary  layer. 

After  the  first  information  presented  in  Uruba  et  al.  1995  the 
experimental  apparatus  as  well  as  the  procedures  have  been 
improved.  So  far  all  planned  measurements  (behind  five  grid- 
generators)  are  not  completed. 
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Abstract 

Two  conservative,  5th-order  upwind-biased  finite  differ¬ 
ence  schemes  for  the  solution  of  Navier-Stokes  equations 
will  be  presented.  The  schemes  are  based  on  a  high-order 
multi-dimensional  reconstruction  of  the  integral  form  of 
the  governing  equations.  An  implicit  delta  form  of  the 
iterative  solution  technique  has  been  introduced  to  stabi¬ 
lize  the  overall  algorithm.  The  method  is  coupled  with  a 
6th-order  SIMPLE  pressure- Poisson  solver  in  a  collocated 
mesh.  Very  accurate  solutions  can  be  obtained  using  only 
a  relatively  small  number  of  grid  points. 

Introduction 

With  the  arrival  of  large-scale  CFD  solvers,  our  expec¬ 
tation  in  the  scale  and  magnitude  of  the  problems  CFD 
can  handle  has  grown.  In  the  aerospace  and  automobile 
industries,  the  application  of  CFD  tools  as  part  of  the  pro¬ 
totype  design  process  has  now  become  routine.  This  type 
of  calculation  frequently  involves  complex  3-D  geometries 
but  due  to  the  low  accuracy  of  the  numerical  schemes  em¬ 
ployed  in  most  application  codes,  a  large  number  of  grid 
points  are  generally  required  to  achieve  grid-independent 
solutions.  The  computer  storage  and  time  needed  for  such 
a  computation  are  generally  beyond  what  current  work¬ 
stations  can  handle.  As  a  result,  the  improvement  of  nu¬ 
merical  schemes,  which  may  reduce  the  number  of  grid 
points  needed,  thus  reducing  computer  memory  usage  and 
execution  time,  is  still  a  pacing  item  of  the  overall  CFD 
development. 

On  the  other  hand,  the  era  of  using  large  eddy  simulation 
in  practical  applications  has  arrived;  at  least  for  simple  flow 
configurations.  Such  a  flow  simulation  generally  involves 
time-dependent  3-D  calculation  of  the  Navier-Stokes  equa¬ 
tions.  Hence,  one  of  the  major  difficulties  in  applying  the 
large  eddy  simulation  to  practical  situations  is  to  maintain 
reasonable  numerical  accuracy  with  an  affordable  number 
of  grid  points.  Such  a  demand  also  requires  the  improve¬ 
ment  of  numerical  schemes. 

The  present  paper  presents  two  conservative,  5th-order 
upwind-biased  finite  difference  schemes  for  the  solution  of 
the  Navier-Stokes  equations.  The  schemes  are  essentially 
improved  versions  of  the  original  Rai  and  Moin’s  scheme 


[1991],  The  major  differences  between  the  current  ap¬ 
proach  and  the  original  Rai’s  scheme  are  twofold.  First, 
the  current  approach  uses  a  conservative  upwind-bias  ap¬ 
proach.  Second,  the  current  high  order  approximation  is 
applied  in  a  multi-dimensional  sense.  This  is  done  by  ap¬ 
plying  an  accurate  multi-dimensional  reconstruction  pro¬ 
cess  to  the  integral  form  of  the  governing  equations.  The 
method  is  more  akin  to  the  recent  proposal  of  Rai  and 
Chakravarthy  [1993]. 

The  6th-order  central  difference  scheme  was  used  for  the 
diffusion  and  the  pressure  gradient  terms.  In  addition, 
a  modified  version  of  Rhie  and  Chow  method  [1983]  was 
employed  in  a  collocated  grid  arrangement  to  avoid  the 
checkerboard-type  of  pressure  oscillation.  This  greatly  re¬ 
duced  the  computing  effort  and  memory  storage  require¬ 
ments  associated  with  the  use  of  the  staggered  grid  system. 
Modifications  have  been  made  to  the  method  to  ensure  a 
6th-order  accuracy  of  the  press ure-Poisson  solver. 

Overall,  the  method  has  been  demonstrated  to  achieve 
accurate  solution  for  flows  with  separation  using  a  reason¬ 
able  number  of  grid  points. 


Integral  Form  of  the  Governing  Equations 
The  integral  form  of  the  governing  equations  can  be  writ¬ 
ten  as: 


puinidA  =  0 


pUmUimdA  = 


TlmTlldA-  £ 


PllmdA 


(1) 

(2) 


where  A  is  the  surface  of  the  control  volume  and  n;  is 
the  vector  element  of  the  outwardly  directed  normal  unit 
vector,  n  =  niT-f  n2j  +  n^k,  on  the  surface  element,  dA. 


Discretization 

As  shown  in  figure  1,  an  interface  A-B-C-D  is  located 
between  nodal  points  P  and  E,  where  points  A,  B,  C,  and  D 
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axe  assumed  to  be  co-plan ar.  The  mass  flux  across  interface 
A-B-C-D  can  be  evaluated  by 

rh  =  I  pumidA a ABCD  (3) 

•'-‘‘ABCD 

where  A,  abcd  the  vector  element  of  the  outwardly  di¬ 
rected  area  vector, 

^ABCD  =  \{xac  x  xBd);  (4) 

the  overbar  symbol,  ",  denotes  that  the  value  is  a  6th-order 
symmetrical  mean  across  the  interface  A-B-C-D.  The  value 
of  p  is  obtained  below,  but  the  evaluation  ofu i  is  somewhat 
more  tedious  (due  to  the  use  of  Rhie  and  Chow  method) 
and  will  be  discussed  in  equation  (20). 


Figure  1:  Calculation  of  fluxes  across  the  control  vol¬ 
ume  face,  ABCD 


To  find  a  6th-order  symmetric  mean  of  any  quantity  0, 
at  interface  A-B-C-D,  one  first  fits  a  6th-order  Lagrange 
polynomial  constructed  from  the  values  of  0’ s  at  WW,  W, 
P,  E,  EE  and  EEE  in  order  to  find  the  value  of  0  at  the 
center  of  the  plane,  A-B-C-D.  Next,  the  mean  value  of  0 
at  the  interface  is  obtained  from 


4>- 


L 


ABCD  JylABCD 


4>dA. 


(5) 


In  practice,  the  integration  of  equation  (5)  is  done  by  using 
the  6th-order  Gaussian  rule,  which  involves  the  sum  of  the 
products  of  the  Gaussian  weightings,  w’s  and  the  values  of 
0’s,  at  9  assigned  positions  inside  plane  A-B-C-D, 


3  3 

0  ~  ^2  ^2  WiWi<t>ii  (no  sum  on  *  and  j)  (6) 
»=1  }- 1 


where  the  indices  i  and  j  denote  the  positions  of  Gaussian 
points.  The  values  of  tpij  at  Gaussian  points  were  eval¬ 
uated  using  the  6th-order  Lagrange  interpolation  of  the 
neighboring  cell  face  values  of  0  in  the  direction  formed  by 
the  plane,  A-B-C-D. 

The  convection  term  of  the  Um-momentum  equation 
across  interface  A-B-C-D  is  evaluated  by 

Fc  =  I  pumttinidA a mum  (7) 

-'‘4ABCD 

where  m  is  evaluated  from  equation  (3);  the  hat  symbol,  ", 
denotes  that  it  is  the  5th-order  upwind-biased  mean  value 
across  the  plane  A-B-C-D.  The  value  of  Um  is  obtained  by 
first  evaluating  the  cell  face  value  of  Um  using  the  5th-order 
Lagrange  interpolation  either  from  points  WW,  W,  P,  E 
and  EE  or  from  points  W,  P,  E,  EE  and  EEE,  depending 
on  positive  or  negative  sign,  respectively,  of  rh.  Then  the 
6th-order  Gaussian  integration,  equation  (6),  is  applied  to 
find  the  mean  value  across  the  plane  A-B-C-D. 


The  evaluation  of  the  diffusion  term  is  less  straightfor¬ 
ward,  however.  The  diffusion  flux  for  the  um -momentum 
equation  across  the  plane  A-B-C-D  can  be  shown  to  be 


Fd=  TimTtidA a TimA^ABCD-  (8) 

•''“ABCD 

where  rjm  is  the  6th-order  symmetrical  mean  of  the  stresses 
whose  values  involve  the  evaluation  of  the  6th-order  sym¬ 
metrical  mean  of  strain  tensor,  dum/dxi , 


Sim  — 


1  (  dui  \  _  1 

2  Uxm  dxi  J  3  im 
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The  6th-order  symmetrical  mean  gradient  of  any  quan¬ 
tity,  d<j>/dxi,  at  the  interface  A-B-C-D  can  be  obtained 
from  the  divergence  theorem, 
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(10) 


where  Cl  represents  the  volume  of  the  geometry  P-ABCD- 
E,  V  is  the  volume,  Aj  denotes  the  vector  element  of  the 
outwardly  directed  area  vector  of  triangles  on  the  surface 
of  the  shape  P-ABCD-E,  and  0  is  the  averaged  value  on 
the  surface  of  the  desired  triangle. 

The  vector  element  component  of  the  pressure  force  act¬ 
ing  on  the  plane  ABCD  in  the  m  direction  is  then  approx¬ 
imated  by 

J  PnmdA a -PAm  ABCD  (11) 

•^ABCD 

where  P  denotes  the  6th-order  symmetric  mean  of  the  pres¬ 
sure  value  on  the  plane  ABCD.  Similar  to  the  way  mean 
density  was  evaluated,  the  central  value  of  P  is  first  in¬ 
terpolated  by  the  Lagrange  polynomial  using  the  values  of 
P’s  at  WW,  W,  P,  E,  EE  and  EEE;  the  Gaussian  rule,  (6), 
is  then  used  to  find  the  mean  value  of  P  on  the  plane. 


Numerical  Algorithm 

Once  all  the  terms  in  equations  (1)  and  (2)  have  been 
evaluated,  they  are  moved  to  the  RHS  of  the  solution  ma¬ 
trix.  The  1st  order,  upwind  A-form,  deferred-correction 
method  is  used  to  solve  the  discretized  equations.  The 
goal  is  to  drive  the  RHS  to  zero,  therefore  the  accuracy  of 
the  final  solution  (5th-order  one)  would  not  be  affected  by 
the  upwind  nature  of  the  LHS  treatments.  This,  of  course, 
requires  in-step  iterations  that  will  be  performed  in  con¬ 
junction  with  the  in-step  iterative  solution  procedure  of 
the  fully  implicit  SIMPLE  algorithm. 

The  advantage  of  the  A-form  solution  procedure  is  that 
it  is  very  robust  for  its  stability  and  is  not  affected  by  the 
instability  associated  with  the  use  of  high  order  schemes, 
which  generally  give  rise  to  negative  values  of  discretization 
coefficients  (or  perhaps  worse,  zero  diagonal).  For  example, 
for  the  solution  of  the  following  equation, 


(12) 


the  2nd-order  central  differencing  of  equation  (12)  yields, 


2aI(<A<+1 


•0,-i)  =  O. 


(13) 
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As  can  be  seen  from  (13),  there  is  no  diagonal  term  and, 
therefore,  the  solution  of  this  equation  becomes  impossible 
when  an  iterative  method  is  used.  On  the  other  hand,  with 
the  current  method  we  rewrote  (12)  in 


dA<j>  fdd>\n 

dx  \dx) 

(14) 

where 

A<p  =  <£n+1  - 1; /," 

(15) 

P,  E,  EE  and  EEE  and  then  integrated  in  the  ABCD  plane 
using  the  Gaussian  rule  (6)). 

The  interpolating  scheme  illustrated  by  equations  (17) 
and  (18)  is  the  essence  of  the  Rhie  and  Chow  method 
[1983].  By  substituting  (17)  into  (18)  one  can  show  that 
the  error  introduced  by  this  approximation  is  of  the  7th- 
order. 

To  ensure  the  mass  flux  across  ABCD  to  satisfying  the 
continuity  equation,  a  correction  to  the  second  intermedi¬ 
ate  velocity,  ,  is  approximated  by: 


is  the  correction  to  <f>n  to  an  improved  solution,  <f>n+1.  From 
(14),  it  can  be  seen  that  if  one  treats  the  LHS  and  RHS 
identically,  the  discretized  equation  will  be  reduced  to  (13). 
However,  this  is  exactly  what  one  wants  to  avoid  since 
the  original  equation  is  unstable.  The  current  approach 
proposes  to  use  the  first-order,  upwind  difference  scheme 
for  the  LHS,  while  the  fifth-order  upwind-biased  scheme  is 
applied  to  the  RHS  side.  For  example,  in  order  to  achieve 
the  2nd  order  central  differencing,  the  discretized  equation 
yields 

^(A^  -  A *_,)  =  ^(tfVi  -  1).  (16) 

This  system  of  equations  is  stable  since  the  diagonal  is 
dominant.  When  the  solution  converges,  A<j>  becomes  zero 
and  the  equation  (16)  reduces  to  equation  (13).  It  should 
be  noted,  that  since  the  RHS  is  evaluated  explicitly,  one 
can  easily  replace  the  discretization  schemes  with  any  other 
scheme  without  altering  the  solution  algorithm. 

Tests  have  shown  that  this  approach  is  very  robust.  Due 
to  the  diagonal  dominance  of  the  matrix  system,  residuals 
of  the  in-step  iterations  drop  monotonically  and  the  overall 
rate  of  convergence  is  not  much  affected  by  the  splitting 
procedure. 


Pressure  Solution  Algorithm 

The  coupling  between  the  momentum  and  the  continuity 
equations  will  be  handled  through  the  SIMPLE  approach. 
To  eliminate  the  checkerboard-type  of  oscillation  in  pres¬ 
sure,  the  Rhie  and  Chow  treatment  is  adapted  in  a  col¬ 
located  grid  system.  The  method  is  modified  slightly  in 
the  current  code  to  accommodate  the  use  of  a  6th-order 
pressure  scheme  in  conjunction  with  the  A-form  solution 
procedure. 

A  pseudo- velocity  vector,  iim,  is  first  proposed; 


«m  =  Um  + 


dp  Vjjk 

dim  dijk 


(17) 


where  Um  is  an  intermediate  solution  obtained  from  the  so¬ 
lution  of  the  momentum  equations,  and  Oy*  is  the  diagonal 
coefficient  of  the  discretized  equation  for  A u™ -equation  at 
the  ijk- point.  The  symmetrical,  6th-order  Lagrange  for¬ 
mula  is  then  employed  to  interpolate  the  value  of  iim  to  the 
center  of  plane  ABCD.  The  6th-order  symmetrical  mean 
of  iim,  Um,  across  the  plane,  is  then  obtained  by  using  the 
Gaussian  rule  (6). 

_  Once  the  6th-order  mean  value  of  the  pseudo-velocity, 
tim,  is  obtained  at  the  interface  ABCD,  a  mean  velocity 
Um  is  recovered  by  the  following  approximation: 


Um 


dp  Vgk 

dxm  dijk 


(18) 


where  u^,  represents  a  second  intermediate  solution  ex¬ 
tracted  from  the  momentum  equations,  dp/dxm  is  the  6th- 
order  symmetrical  mean  pressure  gradient  evaluated  at  the 
interfacial  plane  ABCD  according  to  (10),  and  V~T/a~^  is 
the  6th-order  symmetrical  mean  value  at  the  plane  ABCD 
(Vijk/ciijk  and  can  be  interpolated  from  points  WW,  W, 


1r  »  _  dp'  Vijk 

Um  —  -  — ’ 

OXm  Uijlc 

such  that 


(19) 


=  tC  +  Um'-  (20) 

By  substituting  the  corrected  velocity  appearing  in  (20) 
into  (3),  and  summing  the  mass  fluxes  over  all  control  vol¬ 
ume  faces,  one  can  obtain  a  Poisson  equation  for  p',  which 
can  be  solved  by  the  2nd  order  central  difference  scheme. 
Once  again,  because  this  equation  is  of  a  A-form,  a  low- 
order  treatment  in  the  LHS  of  the  equation  should  not  af¬ 
fect  the  final  higher-order  solution  represented  by  the  RHS 
This  approach  is,  in  essence,  the  SIMPLE  algorithm. 


Results 

So  far  we  have  tested  the  proposed  method  for  three  dif¬ 
ferent  flows  -  flat  plate  turbulent  boundary  layer,  laminar 
wall  driven  cavity  flows  and  boundary  layer  flow  separa¬ 
tion  caused  by  strong  adverse  pressure  gradients.  All  re¬ 
sults  showed  a  large  reduction  of  grid  points  needed  for 
grid  independent  results  can  be  achieved  using  the  pro¬ 
posed  high  order  schemes.  To  demonstrate  the  effects  of 
the  new  schemes,  the  results  of  the  calculations  of  an  ax¬ 
ial  flow  along  an  axisymmetric  cylinder  with  a  superim¬ 
posed  adverse  pressure  gradient  separation  [Driver,  1983], 
are  shown.  Boundary  layer  suction  was  applied  through 
slots  on  the  wind  tunnel  walls,  and  this  mass  flow  removal 
(about  10%  of  the  incoming  tunnel  mass  flow),  produced 
an  adverse  pressure  gradient  associated  with  the  negative 
displacement  effect  of  suction.  Experimental  data,  includ¬ 
ing  velocity  and  Reynolds  Stress  profiles,  have  been  mea¬ 
sured  in  several  locations.  Since  the  flow  separation  has 
been  observed  experimentally,  a  full  Navier-Stokes  predic¬ 
tion  method  is  recommended.  It  requires  the  specification 
of  an  outer  boundary,  such  as  a  streamline  far  away  from 
the  body.  The  experimental  velocity  profiles  have  been  in¬ 
tegrated  to  obtain  stream  function,  thus  defining  a  surface 
of  constant  stream-function  or  stream-line.  From  a  com¬ 
putational  point  of  view,  this  allows  the  flow  to  be  treated 
as  an  internal  flow  in  a  duct  where  one  boundary  is  the 
surface  of  the  cylinder  (no-slip  condition),  and  the  other 
surface  is  a  streamline  (slip  condition). 

The  inlet  profile  is  a  good  match  to  a  equilibrium  bound¬ 
ary  layer  with  Reg  =  2760,  and  can  be  obtained  by  match¬ 
ing  the  calculated  momentum  thickness  with  the  experi¬ 
mental  value  using  the  results  obtained  from  the  calcula¬ 
tion  of  a  spatial  evolving  boundary  layer  (using  the  same 
N-S  or  a  boundary  layer  code). 

A  standard  solution  has  been  obtained  using  the  QUICK 
schemes  on  a  300  x  200  mesh.  The  grids  in  the  streamwise 
direction  are  uniform  and  expand  in  the  y  direction  expo¬ 
nentially  with  the  first  y+  less  than  0.1.  It  has  been  found 
that  for,  a  second-order  scheme,  typically  at  least  60  grids 
points  are  needed  in  the  direction  normal  to  the  wall  to 
achieve  a  good  solution  [Bardina  el  al.,  1996,  Huang,  1997], 
Figures  2  and  3  show  the  comparison  of  results  using  vari¬ 
ous  numerical  schemes  on  a  20  x  15  mesh.  As  can  be  seen 
from  the  results,  the  two  new  5th-order  schemes,  one  with 
the  Gaussian  surface-averaging  and  one  without,  match 
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Figure  3:  Comparison  of  the  velocity  profiles  -  part  2. 


the  standard  solution  very  well.  The  remarkable  agree¬ 
ment  with  the  fine  grid  solution  using  the  QUICK  scheme 
demonstrates  the  usefulness  of  the  high-order  schemes. 


Concluding  Remarks 

The  current  paper  demonstrates  that  a  large  reduction 
of  computational  grid  points  is  possible  by  employing  high- 
order  numerical  schemes.  The  method  also  shows  that  the 
use  of  the  delta  form  deferred-correction  solution  procedure 
can  avoid  numerical  instability  problems  associated  with 
the  use  of  high  order  schemes. 

The  solution  algorithm  described  in  the  paper  can  be 
summarized  to  have  the  following  form: 

NUMERICS  (A<f>)  =  PHYSICS^)  (21) 

where  4>  is  any  variable  the  solution  is  required.  The  left 
hand  side,  NUMERICS,  is  a  stabilizing  numerical  method, 
aiming  to  drive  the  right  hand  side,  PHYSICS,  to  zero. 
Note  that  the  solution  of  0  is  governed  by  PHYSICS  and 
NUMERICS  is  only  a  mean  to  get  to  the  desired  solution. 
Therefore  NUMERICS  has  to  be  stable  but  does  not  nec¬ 
essarily  have  to  be  accurate.  This  strategy  is  analogous  to 
the  pressure  solution  method  used  in  the  SIMPLE  algo¬ 
rithm. 

The  arrangement  given  by  (21)  makes  the  coding  very 
easy.  Since  the  right  side,  PHYSICS,  is  explicit,  the  numer¬ 
ical  implementation  is  straightforward.  Here,  a  5th-order 
multi-dimensional  reconstruction  of  the  integral  form  of  the 
governing  equations  is  recommended.  The  first  order  up¬ 
wind  differencing  scheme  is  suggested  to  treat  the  left  hand 
side,  NUMERICS.  The  method  has  been  applied  together 
with  a  6th-order  approximation  of  the  Poisson  equation 
for  pressure  in  a  collocated  grid  arrangement.  Overall,  the 
method  has  been  demonstrated  to  achieve  a  large  reduc¬ 
tion  of  grid  points  required  to  achieve  grid  independent 
solutions. 
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ABSTRACT 

A  new  low-RcynoIds  eddy  viscosity  model  (EVM)  of  the  k-w 
type  is  presented  having  the  following  characteristics,  a)  The 
Cross  Diffusion  Term  (CDT)  that  appears  in  the  exact  adequation 
is  included  while  it  has  been  omitted  in  the  previous  k-w  models. 
The  term  requires  no  modelling  and  is  essential  for  the  correct 
near-wall  variation  of  the  flow  variables,  b)  The  Non-Linear 
Stress-Strain  Relation  (NLSSR)  of  Craft  et  al.  (1093)  is  employed 
to  express  the  Reynolds  stress  field.  Its  coefficients  arc  allowed  to 
vary  with  the  mean  deformation  of  the  flow'  instead  of  being 
constants,  leading  to  much  improved  results,  c)  Strain  and 
vorticity  invariants  are  used  to  prescribe  the  turbulence  damping 
in  a  more  physical  manner  than  empirical  damping  functions.  The 
model  is  validated  in  simple  homogeneous  flow's,  smooth  and 
rough  fully  developed  channel  flow  and  fully  developed  square 
duct  flow'.  Computations  are  compared  against  available 
experimental,  empirical  and  Direct  Numerical  Simulation  (DNS) 
data. 


INTRODUCTION 

Recently,  significant  amount  of  effort  W’as  invested  in  the 
elaboration  of  the  EVM's  in  order  to  approach  the  precision  of  the 
full  Reynolds  stress  closures.  Although,  in  principal,  the  latter 
describe  the  physics  of  turbulent  flow  in  a  higher  degree,  arc  still 
expensive  in  computer  resources  for  routine  engineering 
applications.  A  main  drawback  of  the  standard  EVM's  is  their 
incapability  to  capture  the  normal  Reynolds  stress  anisotropy 
which,  in  many  cases,  results  in  overall  failure  of  the  model.  A 
solution,  in  the  framework  of  an  EVM,  is  to  expand  the  linear 
relation  that  links  the  turbulent  stresses  w'ith  the  mean 
deformation  of  the  flow  to  include  quadratic  and  higher  order 
terms.  Such  a  relation  is  applied  in  the  present  model  (hereafter 
referred  to  as  SP  model).  Another  elaboration,  also  included  in  the 
SP  model,  is  the  damping  of  turbulence  caused  by  strong  straining 
of  the  mean  flow,  as  observed  in  experiments  and  DNS 
calculations.  The  above  improvements,  combined  w'ith  the  correct 
near-wall  asymptotic  behaviour  and  the  satisfactory  application  to 
various,  different  in  nature,  turbulent  flow'  fields  is  expected  to 
result  in  a  useful  prediction  tool  for  engineers. 


The  most  popular  EVM  is  the  k-e  scheme,  w’here  k  is  the 
turbulent  kinetic  energy  and  e  its  dissipation  rate,  on  which  much 
effort  and  research  has  been  invested.  However,  the  accumulated 
experience  from  its  application  revealed  certain  intrinsic 
weaknesses  such  as  the  lack  of  a  natural  boundary  condition  for  e 
at  the  wall  and  the  numerically  stiff  second-order-derivative  terms 
of  the  mean  velocity  which  frequently  appear  in  the  E-equation  in 
order  to  improve  the  near-wall  predictions  (e.g.  Craft  et  al.,  1993). 
For  this  reason  there  have  been  several  alternative  proposals  for 
the  second  variable  that  describes  the  turbulent  length  scale.  One 
of  them  is  the  k-w  model  which  is  adopted  in  the  present  study 
and  w  is  simply  equal  to  (e/k).  One  basic  advantage  over  the  k-e 
model  is  the  natural  boundary  condition  for  w  at  the  w-all  that 
emerges  from  its  exact  uansport  equation. 

The  exact  w-equation  can  easily  be  derived  from  the  exact  e- 
equation  (Speziale  et  al.,  1992)  and  features  the  CDT  w'hich  is 
included  "as  is”  in  the  SP  model.  The  term  has  been  ignored  in 
previous  k-w  models  (e.g.  Wilcox,  1988)  although  is  necessary  for 
the  correct  near-wall  asymptotic  behaviour  of  the  model.  In 
addition,  the  SP  model  is  anisotropic  due  to  the  expansion  of  the 
linear  Boussinesq  relation  to  include  quadratic  and  cubic  terms  of 
the  mean  strain  and  vorticity  tensors  (Craft  et  al.,  (1993).  Finally, 
the  model  is  strain-sensitive  in  order  to  simulate  in  a  more 
physical  way  the  turbulence  damping.  This  effect  is  incorporated 
in  the  eddy  viscosity  relation.  The  calibration  procedure  for  the 
model  constants  and  functions  is  given  in  the  subsequent 
paragraphs. 


MODEL  EQUATIONS 

The  time-averaged  Navier-Slokes  equations  and  the  continuity 
equation  are  coupled  w'ith  the  transport  equations  for  the  two 
turbulent  variables,  k  and  w.  The  transport  equations  for  the  latter 
quantities  are: 
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where  Uj=mean  velocity  component  in  the  x^  direction, 
reproduction  rate  due  to  shear,  v=fluid's  kinematic  viscosity, 
v(=eddy  viscosity,  ok=1.2  and 
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where  c<Bl=0.39(Rt°-4+9)/(Rt°-4+l),  C<B,=(1  l/6)(l-exp[-Rf°-25])2-l, 
0^=1. 45,  and  the  last  term  in  Eq.  2  is  die  CDT. 


The  eddy  viscosity  is  given  by  v=f  c  (k/co),  where 
5,=(l+2/Rt)(l-exp[l-0.02Rt°-75])  is  a  damping M  function  and 
Rt=k/(vto)  is  the  local  turbulent  Reynolds  number.  The  influence 


of  f  is  restricted  in  the  near-wall  region.  The  parameter  ci  is  a 
function  of  M=max(S,ft),  where  S=(l/to)(0.5SjjSjj)l/2,‘  and 
fi=(l/co)(0.5£2jj.Djj.)1/2  ^  a  strain  ancj  a  vorticity  invariant 
respectively  and  Sjj^dUj/SXj+dUj/dXj)  is  the  mean  strain  and 
^=(511/ 3xj -8UJ 5Xj)  is  the  mean  vorticity  tensor.  The  model 
sensitivity  to  the  straining  of  the  flow  is  achieved  through  the 
variation  of  c  with  M,  instead  of  being  equal  to  0.09  as  in  most 
of  the  EVMs.  Nevertheless,  additional  turbulence  damping  is 
required,  hence  the  use  of  f  .  The  expression  for  c  is  similar  to 
that  of  the  CLS  model: 


-036 

exp(-  0.9M) 


( 

r 

1 1  -  exp 

-  1-5  1 

(m°-6+  0.01)  ( 

-V  /  JJ 

03 


1  +  03M 


Ji1  -  exp 


(3) 


C4  -  -  10  ,  C5  =  0  ,  C7  —  C6 

Rt0il+  25  Rt075+  50 

w13  = - r'jr  ■  W2  = - prrr - 

Rt°*  Rt075 

The  values  of  c,-c?  in  the  CLS  model  are  constants  and  equal  to 
-0.1,  0.1,  0.26,  -10,  0,  -5,  and  5  respectively.  The  calibration  of 
the  coefficients  will  be  briefly  discussed  in  the  next  section. 


APPLICATION  OF  THE  MODEL 

The  SP  model  is  compared  with  the  non-linear,  strain-sensitive 
k-s  model  of  Craft  et  al.  (1993),  as  improved  by  Suga  (1995) 
(hereafter  referred  to  as  CLS  model),  against  experimental 
measurements  and  DNS  data.  The  cases  examined  are  simple 
homogeneous  strain  fields  (homogeneous  shear,  axisymmetric 
contraction  and  expansion  and  plane  strain),  smooth  and  rough 
fully  developed  channel  flow  and  fully  developed  square  duct 
flow. 


Simple  homogeneous  flows 


except  the  last  term  which  is  activated  for  large  values  of  M. 

The  Reynolds  stresses  that  appear  in  the  momentum  equations 
of  mean  motion  and  in  Pfc  are  explicitly  described  by  the  NLSSR 
of  Craft  et  al.  (1993): 
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where  the  first  bracket  is  the  linear  Boussinesq  term  and  8;.  is  the 
Kronecker  delta.  The  coefficients  Cj-c7  are  functions  of  the  strain 
and  vorticity  invariants  and  are  given  below. 
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Homogeneous  shear  (HS).  Experimental  and  DNS  data 
have  revealed  that  the  strong  straining  of  the  flow  causes  the 
damping  of  turbulence  in  a  similar  way  as  by  the  existence  of  a 
solid  boundary  (Lee  et  al.,  1990).  In  HS  the  only  non-zero  mean 
velocity  gradient  is  (dU,/dx,)  which  is  uniform,  where  Uj=mean 
streamwise  velocity'  and  x,=vcrtical  direction.  The  strain 
parameter,  S,  is  equal  to  ( l/oiXdL^/dy,)  and  the  anisotropy 
components,  extracted  from  the  NLSSR,  are: 


(6) 


a  12  -  ~  c,,  S+  c,,S3[2(-  cj  +  Co  +  07)]  ^13  =  C123  =  0 

where  cr^u.u,  /k-2/38-).  By  setting  cs=0  and  c6=-c?  it  is  more 
convenient  to  calibrate  c(i  with  reference  to  a,,  as  a  function  of  S 
in  order  to  depress  v  and  consequently  turbulence  for  large  strain 
rates.  For  reasons  of  generality  S  may  be  substituted  by  M  to 
account  for  flows  where  Q  has  locally  a  higher  value  than  S.  Figs 
(la)  and  (lb)  show  the  variation  of  c^  and  a[2  respectively  with 
M  for  CLS  and  SP  models  against  the  experimental  data  of 
Tavoularis  and  Corrsin  (1981)  for  S=6.1,  6.3  and  6.5,  Harris  et  al. 
(1977)  for  S=5.5,  Champagne  et  al.  (1970)  for  S=2.8  and  the  DNS 
results  of  Lee  et  al.  (1990)  for  S=14.9,  16.8  and  18.1  and  Rogers 
and  Moin  (1987)  for  S=1.6  and  4.3.  The  normal  anisotropy 
components  a,,,  a„  and  a33  offer  a  means  of  calibrating  (Cj+c3) 
and  c2  through  Eq.  6".  The  results  are  given  in  Fig.  (lb)  where  a33 
is  not  plotted  since  by  definition  a!  j+a-^+ccj-^O. 
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FIGURE  la:  VARIATION  OF  cp  WITH  M  FOR  HS. 


FIGURE  1b:  STRESS  ANISOTROPY  TENSOR  FOR  HS. 


FIGURE  1c:  STRESS  ANISOTROPY  TENSOR  FOR  AC. 
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Axisvmmetric  contraction  (AC)/exnansion  (AE)  and 
plane  strain  (PST  For  the  sake  of  brevity  the  strain  and 
anisotropy  fields  of  these  homogeneous  flows  are  omitted  but  can 
be  found  elsewhere  (Lee  and  Reynolds,  1987  and  Suga,  1995). 
These  flows  are  irrotational,  hence  non-diagonal  components  of 
Oj.  are  zero,  and  the  diagonal  components,  as  expressed  by  Eq.  4, 
exhibit  Cj  and  c6  only.  The  results  from  the  calibration  of  the  two 
coefficients  are  given  in  Figs  (lc),  (Id)  and  (le)  for  AC,  AE  and 
PS  respectively.  DNS  data  of  Lee  and  Reynolds  (1987)  for  S=2.1 
and  18.1,  1.5  and  22.2  and  1.6  and  32.5  for  AC,  AE  and  PS 
respectively,  as  well  as  from  Rogers  and  Moin  (1987)  for  S=1.6, 
1.6  and  1.9  for  AC,  AE  and  PS  respectively  are  used  for 
comparison  purposes.  The  calibration  of  c,  for  AC,  AE  and  PS 
allows  c,  to  be  decoupled  from  the  expression  of  (c.+c,)  adopted 
from  the  calibration  in  HS. 

The  distinction  made  between  S  and  £2  in  the  c,  coefficient 
emerges  from  the  Rapid  Distortion  Theory,  a  strainless  field 
where  all  anisotropy  components  should  be  zero  and  c,  is  the  only 
coefficient  that  appears  in  the  non-zero  components  they  are 
expressed  from  Eq.  4.  Therefore,  in  order  for  c,  to  become  zero,  it 
is  necessary  to  be  multiplied  with  S  which  is  zero.  The  term  does 
not  alter  the  predictions  for  HS  since  S=£2,  neither  for  AC,  AE 
and  PS  since  £2=0.  The  calibration  procedure  leaves  c4  free  to 
choose  for  its  value.  Suga  (1995)  calibrated  c4  with  reference  to 
fully  developed  swirling  shear  flow,  therefore  the  proposed  value 
was  retained. 

Finally,  the  functions  w, ,  and  w,  do  not  take  effect  for  the 
above  flows  but  are  intended  to  enhance  the  stress  anisotropy  near 
solid  boundaries,  where  Rt  takes  low  values. 

In  general,  the  SP  model  performs  better  than  the  CLS  model 
(due  to  the  different  coefficients  in  Eq.  4).  Also,  Lee  (1989) 
discusses  the  asymptotic  limit  of  cu  for  AC  and  AE  (as  S  tends  to 
*),  where  for  example  in  AE  a,,  tends  to  1/3  and  cy  to  -1/6. 
Fig.  (Id)  shows  that  SP  model  abides  with  this  restriction  while  in 
CLS  model  a,,  and  a22  change  sign  at  M=22. 
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Smooth  fully  developed  channel  flow  (SCF2 


Asymptotic  analysis.  The  Taylor  scries  expansion  method  is 
employed  to  assess  the  near-wall  asymptotic  behaviour  of  the 
various  flow  and  model  parameters  (a  detailed  description  of  the 
method  can  be  found  in  Mansour  et  al.  (1988).  The  expansion  of 
the  mean  velocity  components  (the  same  applies  to  the 
instantaneous  values  as  well  as  to  the  fluctuations)  and  continuity 
considerations  at  the  wall  (y=0)  gives  that  U=0(y),  V=0(y2)  and 
W=0(y),  where  U,  V  and  W  are  the  streamwise,  normal  and 
horizontal  mean  velocity  components,  y  is  the  normal  distance 
from  the  wall  and  "O'  denotes  order  of  magnitude.  It  follows  that 
k=0(y2),  e=Q(1),  hence  ccKe/k^Oy-y  <7U/dy=0(l),  and 
S^G(y2).  The  eddy  viscosity  is  defined  as  -uv  /(dlj/dy)  and  since 
uv  =0(y3)  it  follows  that  v^Ofy3)  which  in  turn  gives  the 
condition  c(if(i=Q(y  ')  for  the  model.  It  is  easy  to  derive  that 
c(=0(l)  and  hence  f  should  vary  as  Ofy'1)  which  is  satisfied 
since  Rt=k/(vto)=Q(yii). 

Speziale  et  al.  (1992)  describe  a  detailed  order-of-magnitude 
analysis  for  the  exact  terms  in  the  k  and  co  equations  in 
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comparison  to  the  corresponding  modelled  terms  in  order  to 
derive  the  desired  asymptotic  variation  of  the  model  coefficients. 
Near  the  wall  the  exact  co-equation  writes: 


2v  c*k  dio  d1  co 

k  dy  dy  dy2 


0 


(7) 


where  the  first  term  is  the  CDT  and  it  is  obvious  that  its  omission 
returns  a  variation  for  k  different  than  the  desired  quadratic  one 
(e.g.  Ofy3-23)  for  the  model  of  Wilcox,  1988).  Speziale  et  al. 
(1992)  conclude  that  the  dissipation  term  coefficient,  cu2  should 
be  of  the  form  (ll/6f2-l)  and  f2=Q(y2).  Also,  the  coefficient  of 
the  production  term,  cml,  should  very  as  0(1).  Both  conditions  are 
satisfied  in  SP  model.  The  solution  of  Eq.  7  is  co=2v/y2,  which  is 
used  as  a  boundary  condition  in  the  first  grid  node  adjacent  to  the 
wall,  provided  that  it  is  located  near  the  wall,  well  inside  the 
viscous  sublayer. 

Results  computed  with  SP  model  are  compared  against  DNS 
data  of  Kim  (1989)  and  the  CLS  model  for  a  Reynolds  number  of 
13750  based  on  the  mean  velocity  and  channel  width.  Fig.  (2a) 
shows  the  velocity  profiles  normalized  with  the  shear  velocity, 
UT,  in  wall  coordinates  (y'=yUT/v)  along  with  the  observed 
logarithmic  law.  SP  model  returns  a  better  value  for  the  von- 
Karman  constant,  k,  than  CLS  model.  In  Fig.  (2b)  the  normalized 
k  profiles  show  that  SP  model  captures  better  the  near-wall  peak. 


FIGURE  2a:  VELOCITY  PROFILES  FOR  SCF. 


(2f),  where  the  SP  model  is  found  to  produce  a  better  variation 
near  the  wall  than  the  CLS  model.  Finally,  Fig.  (2g)  shows  the 
damping  parameter  (c  f  /0.09)  for  the  SP  model  and  its  near-wall 
distribution  is  found  in  excellent  agreement  with  the  DNS  data. 


FIGURE  2d:  TURBULENT  SHEAR  STRESS  FOR  SCF. 


FIGURE  2e:  TURBULENT  INTENSITIES  FOR  SCF. 


The  normalized  e  profiles  are  gjven  in  Fig.  (2c).  SP  model 
simulates  qualitatively  the  near-wall  variation  producing  a  local 
minimum  and  a  local  maximum  while  CLS  model  features  only  a 
local  maximum.  Also,  the  value  of  e+  at  the  wall  is  better 
captured  by  SP  model.  In  Fig.  (2d),  where  the  normalized 
turbulent  shear  stress  is  plotted,  SP  model  slightly  overestimates 
the  peak  value  while  CLS  model  follows  almost  perfectly  the 
DNS  data.  In  Fig.  (2e)  the  profiles  of  the  turbulent  intensities 
show  the  superiority  of  the  SP  over  the  CLS  model.  The 
allowance  of  the  coefficients  in  the  NLSSR  to  vary  with  M  and 
the  near-wall  correction  functions  w,  3  and  w,  produce  a 
reasonable  stress  field.  The  strain  parameter  S  is  displayed  in  Fig. 


FIGURE  2f:  STRAIN  PARAMETER  FOR  SCF. 


P2-92 


Rough  fully  developed  channel  flow  (RCF) 

Flow  over  a  rough  surface  produces  higher  drag  than  over  a 
smooth  one  and  the  constant  C  of  the  logarithmic  law  of  the  wall 
is  shifted  by  AC,  while  k  retains  its  value: 


against  the  logarithmic  law  extracted  from  Eq.  9  for  three 
roughness  heights.  The  agreement  is  satisfactory  for  the  whole 
range  of  roughness  height  that  SP  model  was  applied. 


U+  = 


+  C-  AC 


(8) 


Cebeci  and  Bradshaw  (1977)  proposed  the  following  correlation 
for  sandgrain  roughness: 


AC  = 


C  -  8.5  +  —  In ks+  x  sin|o.4258(ln  kj  -  0.8 1  ljj 


(9) 


valid  for  2.25<ks+  <90,  where  ks+  =ksUt/v,  C=5.2,  k=0.42  and  ks 
is  the  height  of  the  sandgrain.  For  values  of  normalized  roughness 
height  higher  than  90  Eq.  9  is  valid  without  the  sin  term. 

The  effect  of  roughness  in  the  SP  model  is  achieved  solely  by 
the  adjustment  of  the  boundary  condition  for  to  without  any  other 
modifications  in  the  governing  equations.  Following  the 
suggestion  ofWilcox  (1988)  based  on  dimensional  considerations, 
co  is  prescribed  explicitly  as: 


U? 

w=  TSR  (10) 


and  is  applied  at  the  top  of  the  roughness.  All  the  remaining 
variables  are  expressed  at  the  same  point  as  in  the  case  of  a 
smooth  boundary.  The  term  SR  was  calibrated  for  various 
roughness  heights  and  is  given  by  the  following  expressions: 
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The  results  of  the  above  adjustments  in  the  SP  model  are  given 
in  Fig.  (3a)  in  terms  of  the  shift  AC  against  Eq.  9.  Also,  in  Fig. 
(3b)  the  normalized  velocity  profiles  for  the  SP  model  are  plotted 


Fully  developed  square  duct  flow  (SDF) 

Fully  developed  flow  in  a  straight  duct  of  square  cross  section  is 
a  typical  example  in  which  turbulence-driven  secondary  currents 
at  the  cross  section  occur.  Although  the  secondary  motion  is  only 
a  small  percentage  of  the  main  flow  (2-3%  of  the  bulk  streamwise 
velocity  Ub),  it  affects  significantly  the  flow  characteristics  and  in 
particular  the  skin  friction  and  the  heat  transfer  at  the  walls.  It  is 
well  established  that  turbulence  models  can  simulate  the 
secondary  motion  only  if  they  are  capable  of  capturing  the  normal 
stress  anisotropy. 

The  SP  model  is  again  compared  to  the  CLS  model  against  DNS 
data  of  Gavrilakis  (1992)  for  a  Reynolds  number  of  4410  based 
on  the  mean  streamwise  velocity  and  the  duct  width  2h.  The 
streamwise,  normal  and  horizontal  velocity  components  are  U,  V 
and  W  respectively  and  the  corresponding  directions  are  x,  y  and 
z. 

Fig.  (4a)  shows  the  wall  shear  stress  tw  normalized  with  the 
mean  value  twjn.  The  SP  model  reproduces  the  local  minimum 
(observed  even  in  higher  Reynolds  numbers)  in  contrast  to  the 
CLS  model.  Fig.  (4b)  shows  the  mean  streamwise  velocity 
profiles  at  the  wall  bisector,  in  wall  coordinates,  where  SP  is 
found  to  perform  marginally  better  than  CLS  model. 

Finally,  in  Fig.  (4c)  the  normalized  horizontal  velocity  is 
presented  at  two  verticals.  The  superiority  of  the  SP  model  is 
obvious  producing  much  stronger  secondary  currents  than  CLS 
model.  The  reason  lies  in  the  calibration  of  the  coefficients  in  the 
NLSSR  that  results  in  an  improved  norma!  stress  anisotropy  field 
(see  Fig.  (2e)). 

Similar  conclusions  were  reached  from  the  performance  of  the 
two  models  for  a  higher  Reynolds  number  (10320)  against  the 
results  from  the  Direct  Numerical  Simulation  of  Huser  and 
Biringen  (1993). 
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FIGURE  4a:  VARIATION  OF  WALL  SHEAR  STRESS. 


FIGURE  4b:  VELOCITY  PROFILES  FOR  SDF. 


FIGURE  4c:  SECONDARY  VELOCITIES  FOR  SDF. 


CONCLUSIONS 

A  new  low-Reynolds  model  of  the  k-<o  type  is  presented.  The 
model  is  strain-sensitive  in  order  to  simulate  the  turbulence 
damping  occurring  at  high  mean  strain  rates  and  employs  a  non¬ 
linear  relation  for  the  prescription  of  the  turbulent  stresses  in 
terms  of  the  mean  strain  and  vorticity  tensors. 

The  coefficients  of  the  non-linear  stress-strain  relation  are 
calibrated  with  reference  to  simple  homogeneous  flows  and  are 
expressed  as  functions  of  the  strain/vorticity  invariant  of  the  mean 
flow,  in  contrast  to  the  model  of  Craft  et  al.  (1993)  where  they  are 
constants. 

The  Cross-Diffusion  Term,  which  appears  in  the  exact  co¬ 
equation,  is  included  without  modifications  since  it  is  essential  for 
the  correct  near-wall  asymptotic  behaviour  of  the  model.  The 
coefficients  of  the  modelled  transport  equation  for  to  are 
determined  with  reference  to  DNS  data  of  smooth  fully  developed 
channel  flow  and  satisfy  the  order-of-magnitude  analysis  of 
Speziale  et  al.  (1992)  and  the  near-wall  behaviour  that  is 
recovered  from  the  Taylor  series  expansion  method. 

The  model  is  successfully  applied  to  smooth  fully  developed 
channel  flow  and  a  simple  adjustment  of  the  boundary  condition 
for  to  enables  its  application  for  flows  over  rough  surfaces.  The 


model  is  also  validated  for  fully  developed  square  duct  flow  and  it 
is  proved  much  better  than  the  CLS  model  in  the  simulation  of 
turbulence-driven  secondaty  currents. 
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Abstract 

An  improved  low  Reynolds-Number  k  —  I  and 
kg  —  Eg  turbulence  model  is  proposed.  The 
model  is  designed  to  conform  with  the  near-wall 
characteristics  obtained  with  direct  numerical 
simulation  data,  but  also  to  possess  correct 
asymptotic  behaviour  in  the  vicinity  of  the  wall. 
Key  features  of  the  k  —  I  model  are  the  adoption 
of  Taylor  microscale  in  the  damping  function  and 
the  inclusions  of  the  pressure  diffusion  terms  in 
both  k  and  I  equations.  The  asymptotic  limits 
of  the  kg  and  Ig  equations  are  also  satisfied  by 
incorporation  of  the  viscous  dissipation  related 
terms.  Predicted  results  compared  with  the  DNS 
data  of  the  parallel  Couette  flows,  indicate  that 
the  proposed  model  reproduces  correctly  the  near¬ 
wall  turbulent  properties.  Regarding  the  thermal 
field,  simulations  contrast  with  the  DNS  data  of 
channel  flows  show  the  capability  of  the  proposed 
model  to  mimic  the  variations  of  the  temperature 
field  at  various  Prandtl  numbers. 


Introduction 

To  model  correctly  the  turbulence  transport 
processes  and  the  heat  transfer  characteristics 
in  the  vicinity  of  the  wall,  the  developments 
of  low-Reynolds-number  models  are  vigorously 
pursued  in  recent  decades.  Based  on  direct 
numerical  simulation  data,  a  simplified  form 
of  low-Reynolds-number  two-equation  turbulence 
model  was  proposed  [1].  The  proposed  dynamic 
model  was  shown  to  be  able  to  predict  accurately 
the  channel  and  reattaching  flows[l]. 

Apart  from  the  dynamic  field,  intensive  efforts 
are  concentrated  on  the  the  modelling  of  the 
scalar  field,  which  is  particularly  important  in 
thermal  field  and  reacting  flows.  Within  the 
framework  of  two-equation  turbulence  model, 


scalar  variance  (/c0)  and  scalar  variance  dissipation 
rate(e^)  are  frequently  adopted  to  model  the  eddy 
diffusivity  of  the  scalar  field,  without  the  explicit 
prescription  of  the  turbulent  Prandtl  number, 
Prt.  In  the  present  paper,  a  kg  and  Eg  model 
is  proposed  to  model  the  thermal  field.  The 
proposed  kg  and  Ig  equations  are  designed  to 
satisfy  the  asymptotic  limits  by  incorporation  of 
the  viscous  dissipation  related  terms 


Near- Wall  Modelling 

k  —  e  model  for  dynamic  field 

The  governing  equations  for  momentum, 
turbulent  kinetic  energy  and  turbulent  dissipation 
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where  yx  =  y/\Jvk]i  and  sjvkjl  is  the  Taylor 
microscale.  The  damping  functions  of  the  model 
are, 


fn  =  1  -  exp{-0.01yx  -  0.008y|) 
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Ok  =  1.4  —  1.1  exp(——) 

Oi  =  1.3  -  1.0eip(— |i) 

The  functions  are  chosen  to  retain 
the  high-Reynolds-number  form  away  from  solid 
boundaries.  The  asymptotic  values  of  turbulent 
Prandtl  number  Ok  and  og  are  adopted  as  0.3  to 
obtain  sufficient  dissipation  rate  in  the  vicinity  of 
the  wall.  In  the  core  region  of  the  flow,  <7*  >  og 
is  chosen  to  eliminate  the  common  drawback  that 
turbulent  diffusion  of  k  overwhelms  that  of  e[2\. 

In  the  present  approach,  the  dissipation  rate 
is  decomposed  into  two  parts,  i.e.,  e  =  i  4-  e, 
and  adopting  i  as  the  dependent  variable.  The 
advantage  of  this  approach  is  that  e  reaches  zero 
at  the  wall,  ew  =  sw  =  and  e  equals  to 

e  at  about  y+  >  15. 

The  inclusion  of  the  pressure  diffusion  terms, 
n[l],  in  both  k  and  i  equations  enable  the 
asymptotic  limits  to  be  satisfied.  The  adopted 
form  of  ffj  reproduces  correctly  the  asymptotic 
limit,  i.e.  oc  y  and  hence  —  uv  cc  y 3  towards 
the  wall.  The  adoption  of  y\  avoids  the  obvious 
defect,  i.e.  the  singularity  occurring  at  the 
reattaching  point  by  adopting  y+  =  uTy/u.  The 
modelled  II;  also  generates  the  extra  source  for 
e  in  the  buffer  zone,  completely  replacing  the 
commonly  adopted  function,  2vvt{Uitjk )2. 


Before  examining  the  asymptotic  behaviour  of 
the  above  equation,  it  is  beneficial  to  look 
into  the  asymptotic  values  of  the  instantaneous 
components, 


0  =  bAy  +  c4y2  +  d4y3  +  ■  ■  • 

ke  =  ~2~  \b*y2  +  b4C4y 3  +  ' 
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By  inserting  the  y  dependent  quantities  into  the 
kg  equation,  it  can  be  observed  that  the  dominant 
terms  in  the  vicinity  of  the  wall  are  Vke ,  Eg  and 
11^.  To  keep  the  asymptotic  limits  balanced  up 
to  the  first  order  term,  the  viscous  dissipation 
function  term  is  modelled  as, 


1  W  -  \ke  dte] 

WreS>  -  -2 aTy[Te^  (6) 


As  in  the  case  of  the  turbulent  dissipation  rate 
equation,  the  Eg  is  decomposed  into  two  terms, 
i.e.  Eg  =  Eg  +  Eg.  Here,  the  Eg  equation  is  adopted 
and  the  modelled  equation  takes  the  form, 


ke  -  Ig  model  for  thermal  field 

The  incompressible  temperature  equation  can  be 
written  as, 
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dissipation  terms. 

Hence  the  exact  kg  =  92/ 2  equation  takes  the 
form, 
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The  inclusion  of  the  U.£-e  term  renders  the 
satisfaction  of  the  asymptotic  limits  in  the  vicinity 
of  the  wall. 

The  eddy  diffusivity  of  temperature,  at,  is 
generally  expressed  as  a  function  of  velocity  scale 
(k 2),  the  characteristic  length  scale  (Lm)  or  the 
mixing  time-scale  (rm)[3,  4], 


<*t  =  C\f\k*Lm  =  C\f\k2k2Tm  (8) 

where  the  form  of  rm  varies,  but  usually  is  deemed 

to  be  a  function  of  R  =  which  is  the  ratio 

£0  1  £  ’ 
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of  the  thermal  and  mechanical  time-scale.  In 
the  present  approach,  the  form  of  the  time  scale 

adopted  is  rm  =  which  is  designed  to 

reproduce  the  DNS  data  in  the  core  region[5].  The 
coefficients  and  the  damping  functions  adopted 
are, 

Cx  =  0.116  /*  =  /„ 

Cpi  —  1.8  fP1  =  1  —  eXp(— 

Cp2  =  1.4  +  17exp(-4.5Pr)  fP2  =  1 
Cdi  =  2.7  -  0.5exp(— &)  fDl  =  1 
CD2  =  0.8  fD2  =  i 

Gh  =  Ok  0$  =  CJi 

where  the  turbulent  Reynolds  number  is  defined 


Numerical  Procedure 

The  present  numerical  procedure[6] 
solves  discretised  versions  of  all  equations  over 
a  staggered  finite- volume  arrangement.  The 
principle  of  mass-flux  continuity  is 
imposed  indirectly  via  the  solution  of  pressure- 
correction  equations  according  to  the  SIMPLE 
algorithm[7].  The  flow-property  values  at  volume 
faces  contained  in  the  convective  fluxes  which 
arise  from  the  finite-volume  integration  process 
are  approximated  by  the  quadratic  upstream- 
weighted  interpolation  scheme(QUICK)[8]. 

It  was  found  that  the  employment  of  the  third 
order  approximation  of  the  surface  derivatives 
arising  from  the  viscous  and  pressure  diffusion 
processes  is  essential  in  reproducing  the  correct 
flow  near-wall  asymptotic  behaviour,  by  ensuring 
that  the  derivative  is  evaluated  right  at  the 
surface. 

The  computed  solution  is  assumed  to  have 
converged  to  its  steady-state  when  the  magnitude 
of  the  absolute  residual  sources  of  mass  and 
momentum,  normalized  by  the  respective  inlet 
fluxes,  falls  below  0.01%. 

Results  and  Discussions 

Turbulent  plane  Couette-Poiseuille  flow 

The  performance  of  the  proposed  model  is  further 
contrasted  with  the  DNS  data  of  the  fully 
developed  plane  Couette-Poiseuille  flow[9j.  The 
schematic  picture  of  the  flow  is  shown  in  Figure  1, 
where  the  top  wall  is  at  rest  and  the  bottom  wall 
is  moving  at  a  constant  speed,  Uw.  The  Reynolds 
number  based  on  the  channel  half  width  6  and 


the  bottom  wall  velocity,  is  1800.  Grid  densities 
of  sizes  60  and  100  in  the  direction  normal  to  the 
wall  were  used  to  check  the  grid  independence 
and  the  60  grid  was  found  adequate.  The  first 
grid  node  near  the  wall  was  placed  at  y+  as  0.1, 
to  ensure  the  adequate  resolution  of  the  viscous 
sub-layer. 

The  influence  of  the  moving  wall  on  the  flow 
can  be  seen  by  the  asymmetric  axial  velocity 
distribution  across  the  channel,  shown  in  Figure  2, 
where  the  location  of  the  maximum  axial  velocity 
is  observed  to  shift  towards  the  moving  wall. 
When  examining  the  velocity  log-law  plots,  shown 
in  Figures  3  and  4,  the  velocity  distribution  at  the 
top  wall  side  is  similar  to  that  obtained  from  the 
fully  developed  channel  flow.  However,  a  marked 
different  profile  is  observed  at  the  moving  bottom 
wall  region  and  the  velocity  distribution  is  well 
predicted  by  the  proposed  model. 

Due  to  the  reduction  of  the  shear  stress  at  the 
moving  wall,  the  turbulent  kinetic  energy  level 
adjacent  to  the  bottom  wall  is  severely  damped, 
as  can  be  seen  in  Figure  5,  compared  to  the  k 
level  at  the  top  wall  side.  However,  at  the  bottom 
wall,  the  k  level  predicted  by  the  LS  model[10] 
decays  monotonically,  which  is  inconsistent  with 
the  DNS  data  distribution. 

As  observed  in  the  fully  developed  channel 
flows,  the  local  maximum  of  the  e,  shown  in 
Figure  6,  locates  at  the  wall  near  the  stationary 
side.  At  the  region  y+  <  20  on  the  moving 
wall  side,  the  local  maximum  of  the  e  is  again 
found  at  the  wall,  shown  in  Figure  7,  and  this 
is  reproduced  correctly  by  the  proposed  model. 
The  CH[11]  prediction  shows  a  rise  to  its  local 
maximum,  then  decays  monotonically  towards 
the  wall.  However,  the  LS  prediction  decays 
monotonically  towards  the  wall  at  y£  <  20. 
Finally,  the  performance  of  the  proposed  model 
can  be  ascertained  by  observing  the  turbulent 
kinetic  energy  budgets  near  the  fixed  and  moving 
walls,  shown  in  Figures  8  to  9. 

Channel  flows  with  internal  heat  source 

The  performance  of  the  proposed  model  is 
then  contrasted  with  the  DNS  data  of  channel 
flows  with  internal  heat  source  at  ReT  = 
180[12j.  The  overall  performance  of  the  model  is 
evaluated  by  examining  the  turbulence  quantities 
in  thermal  fields,  shown  in  Figures  10  to  12. 
Good  agreements  with  the  DNS  data  can  be 
seen  from  the  figures  and  the  Prandtl  number 


P2-97 


dependence  of  the  temperature  field  is  adequately 
captured.  Notably  the  proposed  model  is  with 
an  unsophisticated  form  and  the  success  is  partly 
attributed  to  the  correct  asymptotic  near-wall 
behaviours. 

Conclusion 

An  improved  and  simplified  low- 
Reynolds-Number  two-equation  turbulence  model 
is  proposed.  The  model  is  designed  not  only 
to  conform  with  the  near-wall  characteristics 
obtained  with  direct  numerical  simulation  data, 
but  also  to  possess  correct  asymptotic  behaviour 
in  the  vicinity  of  the  wall.  The  performance  of 
the  proposed  model  is  contrast  with  the  DNS 
data  of  the  turbulent  plane  Couette-Poiseuille 
flow  and  channel  flow  with  internal  heat  source. 
The  results  indicate  that  the  present  model 
reproduces  reasonably  the  near-wall  turbulence 
and  consequently  heat  transfer  behaviours. 
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Figure  1:  The  schematic  of  the  plane  Couette- 
Poiseuille  flow 


Figure  4:  Mean  velocity  plotted  from  the  moving 
wall 
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Figure  2:  Mean  velocity  profile 
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Figure  3:  Mean  velocity  plotted  from  the  fixed 
wall 
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Figure  5:  Turbulent  kinetic  energy  distribution 


Figure  6:  Turbulence  dissipation  rate  distribution 
at  fixed  wall 
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Figure  7:  Turbulence  dissipation  rate  distribution 
at  moving  wall 
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Figure  8:  K  budgets  of  at  the  fixed  wall 
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Figure  10:  Mean  temperature  distributions  with 
various  Prandtl  numbers 


+ 

y 


Figure  11:  Temperature  fluctuation  intensities 
with  various  Prandtl  numbers 
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Figure  9:  k  budgets  of  at  the  moving  wall 


Figure  12:  Turbulent  heat  flux  with  various 
Prandtl  numbers 
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ABSTRACT 

This  paper  is  devoted  to  the  near-wall  modelization  of  the 
turbulent  dissipation-rate  equation.  A  critical  analysis  of  common 
approach  used  for  the  dissipation-rate  equation  near-wall  closure 
both  for  two-equation  model  as  for  Reynolds -stress  model  is 
given  first.  Based  on  this  analysis,  two  original  near-wall  models 
are  proposed.  The  first  one  is  based  on  a  blending  approach 
in  which  an  algebraic  model  is  used  to  determine  the  turbulent 
dissipation-rate  near  the  wall.  In  the  second  approach,  turbulent 
frequency  w  is  solved  instead  of  turbulent  dissipation-rate  e. 
They  allow  the  low-Reynolds-number  model  proposed  by  Shima 
for  the  Reynolds-stress  transport  equation  to  be  applied  to  several 
complex  three-dimensional  flows  even  though  the  wall-limiting 
behaviour  of  the  Reynolds-stress  is  not  correct. 

INTRODUCTION 

Based  on  our  own  experience,  memory  occupation  and  CPU 
per  point  per  iteration  required  by  a  second-moment  closure  are 
only  about  twice  as  much  as  that  needed  by  a  two-equations 
model.  Thus,  modem  computers  should  allow  second-moment 
closures  to  be  applied  to  a  wide  range  of  applications.  However, 
the  age  of  application  of  second-moment  closure  does  not  seem 
to  have  come  yet.  Few  results  have  been  presented  for  practical 
applications.  This  unusual  contrast  in  CFD  raises  interrogations 
on  the  orientation  in  second-moment  closure  development  where 
the  preference  is  often  given  to  model  accuracy  and  universality 
to  the  detriment  of  efficiency.  In  this  paper,  we  try  to  focus  on 
this  issue  by  considering  low-Reynolds-number  second-moment 
closures. 

Near-wall  turbulence  modeling  is  a  key  issue  in  wall  shear 
flow  computations.  Because  of  the  frequent  strong  three- 
dimensionality  of  the  velocity  field  near  the  wall,  we  cannot  rely 
on  a  wall  function  approach  for  three-dimensional  complex  flow. 
A  low-Reynolds-number  model  must  be  used  instead.  Such  a 
model  can  be  constructed  by  introducing  appropriate  damping 
functions  and  additional  terms.  Launder  &  Shima  (1989)  have 
proposed  a  very  simple  model  that  allows  the  Gibson  &  Laun¬ 


der  model  to  be  integrated  down  to  the  wall.  Further  modifica¬ 
tions  were  made  by  Shima  (1993)  who  presented  several  appli¬ 
cations  for  boundary-layer  flows.  Recent  developments  in  near¬ 
wall  second-moment  closures  are  mainly  focused  on  accuracy  and 
universality  by  taking  into  account  physical  constraints  and  math¬ 
ematical  formalism.  For  example.  Launder  &  Tselepidakis  (1991) 
attempt  to  improve  accuracy  by  developing  a  realizable  nonlinear 
pressure-strain  model.  Craft  &  Launder  (1995)  tried  to  construct  a 
more  universal  model  by  replacing  wall  normal  distance  and  wall 
normal  vector  by  Reynolds-stress  invariants. 

Besides  accuracy  and  universality,  efficiency  is  also  an  impor¬ 
tant  issue  in  model  development.  By  efficiency,  we  mean  here  the 
capability  for  a  model  to  provide  a  realistic  solution  with  mini¬ 
mum  computational  resources.  Contradictions  between  the  model 
complexity  induced  by  physical  and  mathematical  constraints  and 
its  efficiency  have  been  addressed  by  S.  Jakirlic  &  K.  Hanjalic 
(1995).  One  of  the  most  annoying  problems  for  wall-flow  com¬ 
putations  with  second-moment  closures  concerns  unphysical  lam- 
inarization.  It  is  not  unusual  that  complex  model  constraints  are 
so  difficult  to  satisfy  that  we  can  only  converge  towards  a  laminar 
flow  which  is  a  possible  solution  of  the  second-moment  closure 
with  given  boundary  conditions.  Attention  must  be  paid  to  model 
development  and  implementation  in  order  to  avoid  such  unphysi- 
cal  iaminarization. 

Undesirable  Iaminarization  may  occur  in  complex  flow  config¬ 
uration  such  as  non-equilibrium  flow  in  separation  zone.  It  may 
also  be  simply  of  numerical  origin.  Strong  space  and/or  time  vari¬ 
ation,  insufficient  grid  points  distribution,  impossibility  to  ensure 
theoretical  limiting  behavior  of  the  solution  on  general  curvilin¬ 
ear  grid,  etc.  are  likely  causes  leading  to  unphysical  laminariza- 
tion.  The  aim  of  the  present  paper  is  the  improvement  of  second- 
moment  closure  efficiency. 

The  work  presented  in  this  paper  was  conducted  after  the  fail¬ 
ure  to  implement  the  Shima  model  (1993)  in  our  code  for  solving 
Reynolds-Averaged  Navier-Stokes  equations  on  general  three- 
dimensional  curvilinear  grids.  Details  of  implementation  can  be 
found  in  Deng  &  Visonneau  (1996).  After  a  very  careful  check- 
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ing  that  ensures  that  the  code  was  bug-free,  we  were  very  dis¬ 
appointed  to  find  out  that  a  solution  could  be  obtained  only  for 
very  simple  developed  wall-flows  such  as  fully  developed  channel 
flow,  flat  plane  boundary-layer  flow,  etc...  For  all  the  other  tested 
configurations  that  do  not  pose  any  problem  to  two-equation  mod¬ 
els,  even  as  simple  as  two-dimensional  backward  step  flow,  we 
often  experienced  with  flow  laminarization,  leading  to  unphysi¬ 
cal  unsteady  solution  or  divergence.  Detailed  analyses  presented 
below  show  that  the  problems  originate  from  the  dissipation  equa¬ 
tion.  These  problems  are  not  specific  to  Shima  model.  They 
are  also  present  in  many  other  second-moment  closures.  Con¬ 
sequently,  instead  of  trying  to  revise  the  dissipation  equation,  two 
new  approaches  are  proposed,  namely,  a  blending  Rij  —  e  model 
and  a  R, 3  —ui  model.  Both  retain  Shima’s  near-wall  low-Reynolds 
formulation  for  the  Reynolds-stress  transport  equations  but  differ 
through  the  turbulent  dissipation  transport  equation  in  the  near¬ 
wall  region. 

By  using  the  two  new  approaches,  the  Shima  model  for  the 
Reynolds-stresses  can  be  applied  to  complex  wall  shear  flows 
such  as  flows  around  the  HSVA  tanker  and  flows  inside  a 
rectangular  curved  duct  without  any  other  modifications.  Results 
are  presented  in  the  following  sections. 


NEAR-WALL  CLOSURE 

Unlike  in  second-moment  closure,  near-wall  closure  for  the  tur¬ 
bulent  dissipation  equation  in  two-equation  model  is  at  least  a  nu¬ 
merically  well-solved  problem.  It  seems  to  be  straightforward  to 
extend  a  near-wall  closure  in  two-equation  model  to  Reynolds- 
stress  model.  However,  to  our  knowledge,  none  of  existing  dissi¬ 
pation  equation  for  near-wall  two-equation  models  can  be  directly 
applied  to  second-moment  closure  by  simply  changing  the  turbu¬ 
lent  transport  model.  Except  the  turbulent  transport  model,  the 
turbulent  dissipation  equation  in  second-moment  closure  is  often 
more  complex.  It  usually  involves  several  additional  terms.  Yet, 
in  spite  of  its  complexity,  few  of  them  have  been  proved  to  be  able 
to  be  applied  to  complex  geometry. 

A  comparison  with  two-equation  models  is  worthwhile  for 
second-moment  closures.  At  high  Reynolds  number,  the  turbu¬ 
lence  dissipation  equation  is  modeled  as: 

—  Production  —  Dissipation  +  Dif  fusion  (1) 

The  modelization  of  the  production  term  and  the  dissipation 
term  in  two-equation  model  and  in  Reynolds-stress  model  are 
similar,  they  are  often  treated  as: 

Production  =  Ct\^Pk  (2) 

with  Pk  being  defined  as: 


Pk  =  - 


rdu, 
]  dx3 


and 

£2 

Dissipation  =  Cc  2 — 
k 

The  diffusion  term  is  modeled  as 


Diffusion  =  — — 

(yJJ  i 


in  two-equation  model  and 


P) 

(4) 


in  Reynolds-stress  model  if  the  simplest  form  is  chosen. 

Different  length  scales  are  involved  in  the  near-wall  region. 
Even  with  DNS  data,  it  is  still  very  difficult  to  model  the 
dissipation-rate  equation  with  accuracy.  Near-wall  extension  is 
often  formulated  by  introducing  ad-hoc  damping  functions  and 
by  adding  additional  terms  to  the  high-Reynolds-number  model 
equation  such  that  it  can  be  integrated  down  to  the  wall  and  the 
global  features  of  the  flow  such  as  the  skin  friction  coefficient  and 
the  behaviour  of  the  law-of-wall  are  correctly  calculated,  at  least 
for  simple  flow. 

When  equation  (1)  is  extended  to  the  wall,  two  different  lay¬ 
ers  must  be  taken  into  account.  In  the  buffer  layer,  the  magnitude 
of  turbulent  production  Pk  is  almost  the  same  as  the  turbulent 
dissipation-rate  e.  This  constraint  is  imposed  by  the  turbulent  ki¬ 
netic  energy  equation.  In  the  buffer  layer,  diffusion  term  is  often 
negative.  With  Ccl  =  1.44  and  Cc2  =  1.92,  the  negative  terms 
are  much  larger  than  the  positive  terms  in  equation  (1).  We  must 
either  increase  the  production  or  reduce  the  dissipation.  The  first 
solution  is  preferred,  since  it  can  be  justified  by  the  exact  transport 
equation  for  e.  According  to  the  DNS  results  of  Mansour  &  al. 
(1988),  although  the  turbulent  production  term  P '*  (see  Mansour 
&  al.  (1988)  for  the  notation)  is  the  most  important  production 
term  away  from  the  wall,  the  mixed  production  term  P,1  and  the 
mean  velocity  gradient  production  term  P2  become  equally  im¬ 
portant  in  the  buffer  layer.  As  the  result,  it  is  natural  to  increase 
the  production  term.  This  solution  is  often  adopted  in  second- 
moment  closures. 

The  second  layer  that  needs  to  be  taken  into  account  in  near- 
wall  modelization  is  the  sublayer.  Unlike  in  the  buffer  layer,  near¬ 
wall  model  is  usually  formulated  differently  for  two-equation 
model  and  Reynolds-stress  model  in  this  region.  For  two-equation 
model,  it  is  easy  to  ensure  the  correct  wall  limiting  behaviour  of 
the  shear-stress  by  introducing  appropriate  damping  function.  In 
this  case,  the  order  of  the  production  term  is  O(y).  It  is  negligible 
compared  with  the  diffusion  term  which  become  positive  and  has 
an  order  of  0(  1 ).  Equation  ( 1 )  can  not  be  in  balance  near  the  wall, 
since  the  order  of  the  dissipation  term  is  0(1  /y2).  The  balance 
can  be  established  by  introducing  a  damping  function  fc 2  with  an 
order  of  0(y2 )  such  that  the  dissipation  term  becomes  the  same 
order  as  the  diffusion  term.  Since  the  order  of  the  damping  func¬ 
tion  fc 2  is  0(y2),  it  also  reduces  the  magnitude  of  the  dissipation 
term  in  the  buffer  layer.  For  this  reason,  additional  production 
term  is  not  needed  in  two-equation  model. 

In  second-moment  closures,  Reynolds-stress  tensor  is  deter¬ 
mined  from  a  system  of  transport  equation.  With  this  approach, 
it  is  not  easy  to  ensure  the  correct  wall-limiting  behaviour  of 
the  Reynolds-stress  tensor.  Attempts  have  been  made  to  develop 
near-wall  model  which  meets  the  wall-limiting  behaviour.  But 
such  model  is  only  validated  in  simple  configuration  where  wall 
normal  direction  coincides  with  the  coordinate  system.  Improve¬ 
ments  still  need  to  be  made  before  they  can  be  applied  to  complex 
geometry.  In  the  present  study,  we  prefer  to  use  a  very  simple 
near-wall  model  proposed  by  Shima  (1993).  One  of  the  draw¬ 
backs  of  the  Shima  model  is  that  all  Reynolds-stress  components 
tend  to  0(y2)  at  the  wall.  As  a  result,  the  production  term  be¬ 
comes  0(1 )  instead  of  0(y)  near  the  wall.  Such  limiting  behaviour 
is  in  violation  with  the  physics  and  should  be  avoided. 

In  the  Shima  model,  the  dissipation  term  is  modeled  as 

Dissipation  =  Cc2~  (6) 

rv 

with 


=  S7  [K  +  c-^l)  57_ 


i  =  e  —  2v 


dVk\2 
dy  ) 
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It  is  commonly  accepted  that  the  quantity  i  thus  defined  behaves 
as  0(t,'2)  near  the  wall.  Thus,  the  dissipation  term  becomes  0(1) 
near  the  wall,  and  can  be  in  balance  with  the  diffusion  and  the  pro¬ 
duction  term.  The  justification  of  such  model  can  be  traced  back 
to  K.  Hanjalib  and  B.E.  Launder  (1976)  who  relied  on  an  analy¬ 
sis  of  the  exact  wall-limiting  behaviour  of  k  and  e.  Although  the 
analysis  is  correct,  it  cannot  be  used  to  justify  the  wall-limiting  be¬ 
haviour  of  e,  since  the  asymptotic  behaviours  of  k  and  e  predicted 
by  a  numerical  model  are  not  the  same  as  the  exact  wall-limiting 
behaviour. 

In  the  appendix  below,  we  show  that  i  tends  to  0(t/2)  at  the 
wall  only  when  a  converged  solution  is  obtained  with  a  second  or 
higher  order  discretization  scheme.  During  the  iteration,  the  dissi¬ 
pation  term  given  by  (6)  may  be  unbounded.  For  these  reasons,  it 
is  not  surprising  that  unphysical  laminarization  occurs  frequently 
when  the  dissipation  term  is  treated  as  (6).  This  model  is  inappro¬ 
priate  in  the  near  wall  modelization. 

Too  many  ad-hoc  modifications  need  to  be  made  if  we  want 
to  revise  the  dissipation-rate  equation  in  the  Shima  model.  It  is 
necessary  to  introduce  a  damping  function  fa  to  the  dissipation 
term  such  that  it  tends  to  0(1)  at  the  wall.  It  is  preferable  to 
apply  another  damping  function  fci  to  the  production  term  such 
that  it  vanishes  at  the  wall.  Additional  production  terms  need 
to  be  added  to  balance  the  equation  in  the  buffer  layer.  Having 
little  physical  justification,  such  ad-hoc  modifications  increase 
the  numerical  stiffness.  It  is  why  we  prefer  to  choose  an  other 
alternative.  Two  original  solutions  are  proposed  here,  namely,  a 
Rij  —  e  blending  model  and  a  RtJ  —  u>  model.  They  are  presented 
in  the  following  subsections. 


The  blending  approach 

In  the  blending  approach,  two  different  values  for  the  turbu¬ 
lence  dissipation  are  calculated  separately.  The  first  one  £i  is 
evaluated  from  an  algebraic  expression  proposed  by  Wolfshtein 
(1969): 


£l  = 


k3'2 


with 


(8) 


The  principle  of  the  blending  approach  is  very  similar  to 
two-layer  approach  proposed  by  Chen  &  Patel  (1987)  which 
has  been  successfully  applied  to  a  two-equation  model.  But  the 
blending  approach  is  more  efficient  from  the  point  of  view  of 
numerical  computation,  because  there  is  no  need  to  determine 
the  matching  position.  Unlike  the  two-layer  approach  where 
even  the  first  derivative  of  dissipation-rate  is  not  continuous,  the 
blending  approach  ensures  a  smooth  solution.  Compared  to  other 
dissipation-rate  equation  models  in  second-moment  closures 
where  several  ad-hoc  damping  functions  and  additional  terms 
are  usually  involved,  only  one  blending  function  is  used  in  the 
present  model.  Due  to  this  simplicity,  the  blending  approach  is 
found  to  be  very  efficient.  The  Shima  model  for  Reynolds-stress 
transport  equation  can  be  used  with  the  blending  approach 
without  any  modification. 


The  Rij  —  u  model 

The  Ri}  -  u  model  can  be  considered  as  an  extension  of  the 
Wilcox’s  k  —  ui  model  to  Reynolds-stress  model.  In  second- 
moment  closures,  the  transport  equation  for  ui  can  be  written  as: 
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a-Pk-(3u ;2 

d  /_,  k— — rdu 
dxk  V  r  eUkU‘dxi 


+  v 
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Unlike  the  e  equation,  the  u  equation  can  be  solved  down  to  the 
wall  without  any  damping  function.  However,  when  equation  (11) 
is  solved  with  the  Shima’s  model,  the  slope  of  the  law  of  the  wall 
proves  to  be  correct  but  the  additive  constant  is  over-predicted. 
Damping  function  may  be  introduced  to  obtain  the  correct  be¬ 
haviour,  but  it  usually  increases  the  numerical  stiffness  of  the 
model.  Authors  prefer  to  alter  the  viscous  diffusion  term  by  multi¬ 
plying  the  kinematic  viscosity  v  by  a  factor  Cw  =  0.55  chosen  to 
give  the  correct  additive  constant  of  the  law  of  the  wall.  Resulting 
model  equation  reads  simply  as 
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2  K 

k  =  0.41,  C ^  =  0.09  and  Ac  =  — rr- 
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The  second  one  e2  is  computed  from  the  high  Reynolds  number 
e  equation: 


De2 

~dT 
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eW's 


(9) 


with  e2  =  0  at  the  wall  as  boundary  condition.  That  equation  can 
be  solved  directly  down  to  the  wall,  and,  even  with  this  unphysi¬ 
cal  boundary  condition,  e2  provides  a  good  approximation  for  the 
turbulence  dissipation  away  from  the  wall.  As  ei  is  valid  close 
to  the  wall,  the  turbulence  dissipation  e  can  be  determined  in  the 
following  way: 


with 

5  3 

a  =  —  ,  0  =  —  and  £  =  0.09 uik 
9  40 

as  proposed  by  Wilcox  in  his  k-uj  model,  and  Cc  =  0.18.  We 
consider  that  the  influence  of  the  kinematic  viscosity  v  outside 
the  wall  region  is  negligible,  so  Cu  =  0.55  is  kept  as  Constantin 
the  whole  field.  If  it  is  necessary,  it  can  be  replaced  by  a  function 
which  tends  to  1  away  from  the  wall. 

Asymptotic  analysis  shows  that  the  wall  limiting  behaviour  of 
u'u'  and  u  given  by  the  above  model  is 


6r '/Cu 

~w 


(13) 


/  / 

u  u  ■ 

t  J 


2.55 

y 


£  —  Cwal,e2  +  (1  —  Cwaii)ei  (10) 

with: 


Although  the  wall-limiting  behaviour  of  Reynolds-stress  given  by 
the  Rij  —  ui  is  not  correct,  we  prefer  to  keep  the  model  equation 
as  simple  as  possible  rather  than  to  introduce  several  damping 
functions  which  bring  a  negligible  improvement,  but  increase  the 
numerical  stiffness.  In  addition,  the  exact  wall-limiting  behaviour 
of  w  given  by  (13)  cannot  be  obtained  by  any  numerical  method. 
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For  example,  with  second-order  central  difference  scheme,  the 
truncation  error  of  the  second  derivative  at  the  first  grid  point  from 
the  wall  is  equal  to 

d\j_  10 
12  3y4  ~  h 4 

where  h  is  the  grid  space  supposed  to  be  constant.  Whatever 
the  grid  space  used,  the  truncation  error  has  always  the  same 
magnitude  as  that  of  the  second  derivative  itself  (~  6//i4  at  the 
first  grid  point).  The  only  way  to  obtain  the  exact  solution  of 
u  near  the  wall  is  to  impose  that  solution  directly  on  the  first 
few  grid  points  near  the  wall,  which  complicates  the  numerical 
implementation. 

MODEL  VALIDATION 

A  fully  developed  channel  flow  at  high  Reynolds  number  is 
chosen  for  calibration.  The  blending  function  and  the  Cw  coef¬ 
ficient  are  chosen  such  that  the  law  of  wall  is  correctly  predicted 
for  this  flow.  The  model  thus  calibrated  gives  prediction  similar 
as  the  original  model  for  simple  flows.  Figures  1  et  2  present  re¬ 
sults  for  a  fully  developed  channel  flow  at  R»=l  80  for  which  Kim, 
Moin  &  Moser’s  direct  simulation  results  (1987)  can  be  used  for 
comparison.  Although  the  blending  function  and  the  Cu  coeffi¬ 
cient  are  not  calibrated  for  this  configuration,  the  accuracy  of  the 
original  model  is  globally  preserved.  Predictions  for  the  turbulent 
dissipation-rate  are  presented  in  figure  3.  None  of  three  models 
can  give  accurate  prediction  of  e  near  the  wall,  but  they  agree  well 
away  from  it. 

The  advantage  of  the  two  newly  proposed  models  over  the 
Shima  model  is  demonstrated  over  complex  geometries.  Both 
models  have  been  used  to  calculate  the  stem-flow  around  the 
HSVA  tanker.  The  computation  has  been  carried  out  on  an  O- 
O  grid  topology  around  the  entire  hull.  Computational  grid  is  far 
from  orthogonal.  How  in  the  aft-part  of  the  ship  is  quite  complex. 
The  interaction  of  the  three-dimensional  boundary  layer  with  the 
longitudinal  vortex  results  in  a  complex  separation  zone.  More 
detail  informations  about  this  test  cas  can  be  found  in  deng  &  al. 
(?).  This  is  a  real  challenge  for  turbulent  model  accuracy  and  effi¬ 
ciency  testing.  We  cannot  prevent  the  computations  from  diverg¬ 
ing  with  the  Shima  model.  While  with  Rij  —e  blending  model  and 
Ri}  -  u>  model,  good  prediction  can  be  obtained.  Figures  4  and  5 
compare  U  and  W  velocity  components  respectively  at  the  station 
X/L=0.978  for  several  depths.  Results  obtained  with  the  Chen- 
Patel  k-e  model  and  the  k-w  model  of  Wilcox  are  also  presented 
for  comparison.  The  most  important  feature  of  the  flow  is  the  for¬ 
mation  of  a  longitudinal  vortex  in  the  aft-part  of  the  ship.  The 
distortion  of  the  longitudinal  velocity  iso-levels  shown  in  figure  4 
indicates  the  influence  of  the  longitudinal  vortex.  Except  the  k-e 
model,  all  other  models  can  predict  the  distorted  U  velocity  pro¬ 
files  near  the  center  of  the  vortex.  Both  for  two-equation  model 
and  for  Reynolds-stress  model,  better  result  is  obtained  when  the 
turbulent  frequency  ui  is  used  to  determine  the  turbulent  length 
scale.  The  width  of  the  longitudinal  vortex  is  better  predicted 
with  Reynolds-stress  model. 

The  next  application  is  the  simulation  of  a  developing  turbu¬ 
lent  flow  in  a  90  deg.  curved  duct  of  rectangular  cross  section 
with  an  aspect  ratio  of  six  (Re  =  2.24 10s).  Measurements  were 
carried  out  by  Kim  &  Patel  (1994).  The  geometry  of  this  configu¬ 
ration  is  quite  simple.  Computation  can  be  done  on  an  orthogonal 
grid.  Even  so,  the  Shima  model  ends  up  with  divergence.  One 
of  the  possible  reasons  for  the  failure  is  the  presence  of  a  comer 
region  in  which  the  asymptotic  analysis  leading  to  the  conclusion 
i  ~  0(y2)  is  no  longer  valid.  The  dissipation  term  (6)  may  be 


U  velocity  forchannel  how  (Rc-tau=180) 


Fig.  1:  U  velocity  profiles  for  the  KMM  channel 


u+,v+,w+  forchannel  flow  (Re-tau=180) 


Fig.  2:  u',v’  and  w’  for  the  KMM  channel 


Tuibulent  dissipation  forchannel  flow  (Re-tau=180) 


Fig.  3:  Turbulent  dissipation  for  the  KMM  channel 
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U  velocity  profiles  at  section  X/L=0.978 


Fig.  4:  U  velocity  profiles  for  the  HSVA  tanker 


W  velocity  profiles  at  section  X/L=0.978 


Fig.  5:  W  velocity  profiles  for  the  HSVA  tanker 


Streamwise  velocity  at  station  75 


Fig.  6:  Longitudinal  velocity  profiles 
at  section  75  (Y/H=0  is  the  convex  wall) 


U  velocity  at  station  75 


Fig.  7:  Longitudinal  velocity  profiles 
at  section  75  (Y/H=0  is  the  concave  wall) 


unbounded.  With  the  RtJ  -  e  blending  model  and  the  RtJ  -  w 
model,  computation  can  be  carried  out  easily. 

Figure  6  shows  streamwise  velocity  profiles  at  section  75  at 
several  depths.  All  turbulence  models  give  similar  prediction 
from  the  convex  wall  (Y/H=0)  to  the  center  of  the  channel. 
Discrepancies  with  experimental  data  are  mainly  observed  in  the 
comer  region.  However,  near  the  concave  wall  (Y/H=1.0),  results 
are  quite  different  with  different  models.  Due  to  curvature  effect, 
streamwise  velocity  increases  quickly  away  from  the  concave 
wall.  Such  effect  is  not  captured  by  the  k  -  e  model.  When  we 
examine  the  velocity'  profiles  near  the  concave  wall  (figure  7),  we 
can  see  that  the  two  Reynolds-stress  models  give  similar  results 
which  are  quite  different  from  those  provided  by  the  k  —  e  model. 
Compared  with  experimental  data,  Reynolds-stress  models  give 
better  prediction  even  they  are  still  unsatisfactory.  In  the  previous 
test  case,  both  Reynolds-stress  models  give  nearly  the  same 
result  for  the  outer  part  of  the  shear  layer.  However,  in  this 
test-case,  some  differences  are  observed  near  the  concave  wall. 
Shear  layer  is  too  diffused  with  RtJ  -  u  model.  The  differences 
observed  are  probably  due  to  model  constant.  We  have  chosen 
the  constants  proposed  by  Wilcox  which  do  not  correspond  to  the 
constants  used  in  the  RtJ  -  e  blending  model.  Menter  (1993)  has 
shown  that  with  Cc  i  =  1.44  and  Cc 2  =  1.92,  the  corresponding 
constants  in  the  w  equation  should  be  a  =0.44  and  &= 0.0828. 

CONCLUSIONS 

The  near-wall  Reynolds-stress  model  proposed  by  Shima 
was  found  to  be  unsuitable  for  complex  three-dimensional  flow 
computations.  Analysis  shows  that  problems  are  mainly  origi¬ 
nated  from  the  near-wall  modelization  for  the  dissipation  term  in 
the  turbulent  dissipation-rate  equation.  Two  original  near-wall 
models  to  determine  the  length  scale  for  second-moment  closure 
have  been  proposed.  Emphasis  is  placed  on  model  efficiency. 
Ad-hoc  damping  functions  and  additional  terms  are  reduced 
to  minimum.  We  introduce  only  one  blending  function  in  the 
first  model  and  one  ad-hoc  coefficient  in  the  second  one.  With 
our  new  proposals,  the  near-wall  model  proposed  by  Shima  for 
the  Reynolds-stress  transport  equation  can  be  applied  to  several 
complex  three-dimensional  flows.  Improvements  are  observed 
compared  with  two-equation  model.  Both  models  can  be  applied 
to  other  Reynolds-stress  model. 
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APPENDIX 

In  this  appendix,  a  near  wall  asymptotic  analysis  is  performed 
to  determine  the  order  of  dissipation  term  defined  by  equation 
(6).  By  using  the  exact  asymptotic  behaviour  of  k  and  e,  it  can  be 
shown  that  the  order  is  0(1)  (see  K.  Hanjalic  and  B.E.  Launder 
(1976)).  But  such  analysis  is  not  valid  for  a  turbulence  model, 
since  the  wall  limiting  behaviour  determined  by  the  model  equa¬ 
tion  with  the  given  boundary  conditions  cannot  be  considered  as 
the  same  as  the  exact  behaviour.  For  instance,  with  k=0  as  bound¬ 
ary  condition,  the  leading  order  term  of  k  can  only  be  considered 
as  0(y)  instead  of  0(y2).  Thus,  when  we  perform  a  near  wall 
asymptotic  analysis  for  a  turbulence  model,  we  must  use  the  fol¬ 
lowing  assumption  for  k  and  s  in  the  immediate  vicinity  of  a  wall: 

k  =  kiy  +  k2y2  +  k3y3  +  ... 

£  =  £0  +£l«/  +  £2«/2  +  — 

In  most  turbulent  models,  the  pressure-transport  term 
(p'(uj(f,*  +  u'<5,*)),*  which  tends  to  0(y)  at  the  wall  is 
neglected.  Thus,  the  following  equation  holds  in  the  imme¬ 
diate  vicinity  of  a  wall  both  for  two-equation  model  and  for 
Reynolds-stress  model 

a 2  r 

e  =  ^  +  °(y2)  (14) 

From  this  equation,  we  can  obtain 

eo  =  2vk2 

£  i  =  6ukz 


To  ensure  the  correct  wall-limiting  behaviour  of  k,  the  following 
boundary  condition  can  be  applied  to  e  at  the  wall 


With  such  a  boundary  condition,  it  is  easy  to  calculate  the  leading 
order  term  of  e: 


i ;k2 


2(kiy  +  k2y 2  +  ...) 


+  0(1) 


Since  e  is  finite  at  the  wall,  ki  must  be  equal  to  zero.  As  a  result, 
in  the  immediate  vicinity  of  the  wall,  the  following  expression 
holds 


e  =  2v 


+  2uk3y  +  0(y2) 


The  above  analysis  shows  that  e  defined  by  (7)  tends  to  0(y2) 
at  the  wall  only  when  k3=0,  which  is  not  true  in  general.  As  k 
tends  to  O (y2 )  at  the  wall,  the  dissipation  term  calculated  by  (6) 
is  unbounded  when  k3  ^  0.  Consequently,  when  we  obtain  a 
converged  solution  with  a  model  where  the  dissipation  term  in 
the  dissipation  rate  transport  equation  is  modeled  as  (6),  the  con¬ 
verged  solution  must  be  a  solution  with  k3=0.  However,  if  the 
condition  k3=0  can  be  admitted  at  the  convergence,  nothing  can 
assure  that  this  is  also  true  during  the  iterative  resolution  process. 
Such  possible  unbounded  term  is  the  sources  of  numerical  unsta¬ 
bility.  This  analysis  is  not  in  contradiction  with  that  of  K.  Han¬ 
jalic  and  B.E.  Launder  (1976),  since  we  base  on  the  assumption 
that  the  pressure-transport  term  is  neglected  in  the  model. 

For  some  models,  this  is  a  built-in  mechanism  which  ensures 
that  k  tends  to  0(y2 )  at  the  wall.  In  this  case,  we  can  use 


as  boundary  condition,  which  gives  k3=0.  With  such  near-wall 
model,  i  tends  to  0(y2)  at  the  wall  theoretically.  But  even  in  this 
cas,  in  order  to  assure  that  the  discret  value  of  the  dissipation 
term  (6)  is  bounded  during  the  iterative  resolution  process, 
we  need  to  solve  the  k  transport  equation  (or  Reynolds-stress 
transport  equations  for  second-moment  closure)  implicitly  at 
least  with  a  second-order  accurate  scheme  and  without  unsteady 
term.  Otherwise,  equation  (14)  is  not  satisfied  numerically.  This 
is  the  principal  cause  of  unphysical  relaminarization  that  we 
have  observed  during  our  early  implementation  of  Reynolds 
stress  model.  Consequently,  model  given  by  equation  (6)  is 
inappropriate. 
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ABSTRACT 

In  this  work  large  eddy  simulation  (LES)  is  used  to  inves¬ 
tigate  the  behavior  of  the  slow  pressure-strain  rate  in  ho¬ 
mogeneous  decaying  turbulence  relaxing  towards  isotropy. 
In  particular  the  dependence  on  the  anisotropy  tensor  and 
the  turbulence  Reynolds  number  is  studied.  The  relation 
between  the  filtered  and  unfiltered  quantities  is  studied  to 
see  whether  LES  may  be  used  for  calibration  purposes. 

INTRODUCTION 

In  the  Reynolds  averaged  Navier-Stokes  (RANS)  equa¬ 
tions  a  large  part  of  the  flow  physics  is  put  into  the 
Reynolds  stresses.  Therefore  it  is  important  to  have  tur¬ 
bulence  models  that  can  capture  the  flow  physics.  The 
requirement  that  the  models  should  be  valid  for  different 
flow  cases  will  in  general  make  them  complicated  with  sev¬ 
eral  model  parameters.  These  model  parameters  can  be 
calibrated  against  experiments,  direct  numerical  simula¬ 
tions  (DNS)  or  LES.  DNS  can  today  only  be  used  at  low 
Reynolds  numbers  whereas  LES  and  experiments  can  be 
used  at  high  Reynolds  numbers.  When  LES  is  used  the  re¬ 
sults  will  depend  on  the  model  for  the  sub-grid  scale  (SGS) 
stress  tensor.  The  fact  that  LES  only  gives  the  filtered  field 
has  to  be  considered  when  calculating  turbulence  statistics. 
The  Results  from  the  LES  can  be  checked  by  doing  simu¬ 
lations  with  a  finer  resolution. 


THE  LES 

The  governing  equations  in  LES  are  the  filtered  Navier- 
Stokes  and  continuity  equations  for  incompressible  flow 


dm  _  dui 

~dT  +  U3Tx J 

duk 

_  i  dp  ^  a2u, 

(1) 

pdxi  dxjdxj 

_ 

dxj 

dxk 

=  0 

(2) 

where  an  overline  (")  denotes  a  filtered  quantity  and  rt]  = 
UiUj  -UiUj  is  the  sub-grid  scale  (SGS)  stress  tensor  which 
has  to  be  modelled.  In  the  case  of  homogeneous  turbulence 
the  main  task  of  the  SGS  model  is  to  provide  the  correct 
energy  transfer  from  the  large  scales  to  the  sub-grid  scales. 


Two  different  models,  the  Smagorinsky  (1963)  model  and 
the  spectral  model  (Chollet  1984),  are  used  in  combination 
with  spectral  cut-off  filters. 


The  Smagorinsky  model 

The  Smagorinsky  (1963)  model  for  the  SGS  stresses 
reads 

Tij  =  ^Tkk<5,j  -  IvrSij  (3) 

vt  =  (CsL)2(2spqspq)1/2  (4) 

where  Sij  =  (uij  +  uj,i)/ 2.  L  is  a  filter  width  and  Cs 
is  the  Smagorinsky  constant.  The  Smagorinsky  model  is 
implemented  together  with  a  cubic  cut-off  filter  which  in 
spectral  space  is 


G(  k)  = 


1  if  |fc,-|  <  kl  i  =  1,2,3 
0  otherwise 


(5) 


where  a  hat  denotes  a  Fourier  transformed  quantity,  k  is 
the  wavenumber  vector  in  the  Fourier  representation  and 
kc  are  the  cut-off  wave  numbers  in  the  three  directions. 
We  follow  the  approach  by  Deardorff  (1970)  and  base  the 
filter  width  on  the  grid  volume  L  =  t r/(/c*/c;fc®)1/3  which 
is  a  reasonable  choice  for  moderately  strained  meshes.  The 
trace  rkk  is  put  into  the  pressure  according  to  q  =  p/p  + 
Tkk/3.  The  modelled  form  of  (1)  is  then  given  by 


dU'  |  _  dg  d2u j  _  5rg 

dt  3  dxj  dxi  dxjdxj  dx, 

where  r“-  =  rtj  -  TkkSij/ 3  =  -2vTSij. 


(6) 


The  spectral  model 

The  spectral  model,  Chollet  (1984),  for  the  SGS  stress 
tensor  is  implemented  in  the  spectral  space 

ikkrik  =  vT(k)k-Ui  (7) 

t'r(k)  =  /C-3/2[0.441  +  (8) 
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Figure  1:  The  computational  domain  before  (left)  and  after 
the  straining  (right). 


where  K0  is  the  Kolmogorov  constant  and  E  is  the  kinetic 
energy  spectrum.  The  derivation  of  the  model  suggests 
that  it  should  be  used  together  with  a  spherical  cut-off 
filter 


8(k)  =  {  J 


if  |A;|  <  kc 
otherwise 


(9) 


where  kc  is  the  cut-off  wavenumber.  Here  the  divergence  of 
the  complete  SGS-stresses  Eire  modeled,  not  only  the  devi- 
atoric  part.  The  contribution  from  the  SGS  stresses  to  the 
pressure  in  the  Poisson  equation  enters  into  the  equation 
in  Fourier  space  as  kikjtij.  This  term  is  however  zero  for 
the  spectral  model  which  gives  that  it  does  not  influence 
the  pressure  directly.  The  modeled  form  of  equation  (1)  is 
here  given  in  spectral  space  by. 


dui  ,  ^  i  2  - 

—  +  i  kkiiiUk  =  --^ip  —  {y  +  ur(k))k  Ui 


(10) 


The  numerical  simulation 
A  spectral  method  with  a  second  order  mixed  Crank- 
Nicolson  and  Adams-Bashforth  time  stepping  method  is 
used  to  solve  the  modelled  equations  for  homogeneous 
turbulence.  A  3/2  dealiasing  method  is  implemented  in 
physical  space  where  the  non-linear  terms  are  calculated. 
Isotropic  initial  velocity  fields  are  generated  with  a  given 
model  energy  spectrum  using  random  phases.  The  model 
energy  spectrum  is 


(  Aka  if  k<kp 
\  Ak;~bkb  if  k>kp 


(11) 


The  value  b  =  —  1  has  been  used  since  it  gave  the  fastest  re¬ 
laxation  to  a  desirable  energy  spectrum  shape.  This  veloc¬ 
ity  field  is  strained  irrotationcdly,  either  according  to  rapid 
distortion  theory  or  in  the  simulation,  Eind  then  relaxed 
towards  isotropy.  The  straining  is  defined  by  the  changes 
of  the  side  lengths  of  the  computational  domain  which 
goes  from  27r(ei, e2, e3)  to  27t(1,  1, 1)  in  the  ( xi,X2,X3 ) 
directions  (figure  1).  The  straining  with  the  simulation 
gives  non-isotropic  grids  and  is  implemented  only  for  the 
Smagorinsky  model.  The  straining  by  the  simulation  can 
be  considered  as  an  approximation  of  the  flow  at  the  cen¬ 
terline  of  a  contraction  in  a  wind  tunnel.  The  mean  veloc¬ 
ity  gradients  are  constant  throughout  the  whole  straining. 
The  codes  have  been  implemented  on  a  Cray  J90  with  32 
processors  and  on  an  IBM  SP2  with  110  processors. 


THE  SLOW  PRESSURE-STRAIN  RATE 

In  the  Reynolds  averaged  approach  the  transport  equa¬ 
tion  for  the  Reynolds  stresses  contain  the  pressure-strain 


rate,  II, •  j  =  2(ps,j)/p,  which  needs  to  be  modelled.  It  can 
be  divided  into  a  slow  part,  IT*^  =  2 (p^s.y)/p,  which  is  re¬ 
lated  to  the  turbulence-turbulence  interaction  source  term 
in  the  Poisson  equation  for  the  pressure,  and  a  rapid  part, 
=  2{p(r')Sij)/p,  which  responds  directly  to  changes  in 
the  gradients  of  the  mean  velocity  field.  In  flow  cases  where 
the  mean  velocity  field  is  constant  only  the  slow  pressure- 
strain  rate  remains 


n'j  =  n,j 


(*) 


(12) 


The  quantities  available  for  modelling  II are  the  kinetic 
energy  I<  =  {ukuk)/2,  the  dissipation  rate  of  kinetic  energy 
e  =  2v(spqsvq)  and  the  anisotropy  tensor  a,j  =  (u,u:)/K  - 
Si} 2/3.  Single-point  models  for  the  slow  pressure-strain 
rate  are  typically  of  the  form 

n(5) 

-f~  =  f(ReT)[/3l(IIa,  Ilia)  dij 

+  (h(IIa,  IIIa)(aika.k]  —  ~IIaSij)]  (13) 

where  Rer  =  4K2/(ve)  is  the  turbulence  Reynolds  num¬ 
ber,  IIa  =  avka.kv  and  III„  =  apka.kqaqp  are  the  second  and 
third  invariants  of  atJ .  Define  the  mixed  invariants 


lap  —  Oj, 


tf  ’ 


daap  —  &  ij  CLj  k 


n {l 


(14) 


From  (13)  we  may  form  two  scalar  equations  for  Iap  and 
Iaap  (Sjogren  and  Johansson  1997a),  from  which  we  obtain, 
for  the  non-axisymmetric  case  (11%  yt  6111%),  expressions 
for  the  two  unknown  functions  in  (13) 


A 

th 


II a  lap  6>IIIaIaap 

III  -  67771  ; 

gllglgap  Hlglgp 

III  -  6  HI l 


These  functions  are  evaluated  in  the  LES. 


(15) 

(16) 


EVALUATION  OF  LES  DATA 

The  fact  that  LES  produces  results  only  for  filtered  quan¬ 
tities  has  to  be  taken  into  account  when  evaluating  LES 
data.  Thus,  estimates  of  the  relations  between  filtered  and 
unfiltered  K,  e  and  aZJ  are  needed. 


The  pressure-strain  rate 
The  main  contribution  to  the  pressure-strain  rate  comes 
from  the  large  scales.  This  implies  that  it  is  well  suited  for 
evaluation  from  LES  computations.  However,  when  the 
Smagorinsky  model  is  used  in  the  LES  it  is  only  possible 
to  calculate  IlJ“  =  2 ((p/p  +  Tkk)sij).  The  contribution 
from  the  trace  of  the  SGS  stress  tensor  is  investigated  by 
defining  the  pressure-strain  contribution  at  wavenumber 
magnitude  k  as 

Pij(k)  =  2  /  (~p"  +  Tkk)ikjUidQ.  (17) 

Jn  P 

where  the  integration  domain  D  is  a  spherical  shell  of  ra¬ 
dius  k  in  spectral  space.  Pu  is  calculated  from  a  1923 
velocity  field  and  also  from  the  same  velocity  field  filtered 
down  to  a  96s  field.  The  difference  between  them  is  the  dif¬ 
ference  between  the  contribution  from  r**.  at  the  different 
filter  levels.  These  two  quantities  are  plotted  in  figure  (2a) 
and  it  is  clear  that  the  contribution  from  Tkk  is  very  small 
since  the  two  curves  are  almost  identical.  The  pressure- 
strain  evaluated  from  a  963  simulation  (figure  2b)  shows 
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Figure  2:  (a):  the  pressure  strain  distribution  from  a  1923 
LES  and  from  the  same  field  filtered  to  963  modes,  (b):  the 
pressure  strain  distribution  from  a  963  LES. 


Figure  4:  The  Smagorinsky  model  relaxing  963  velocity  fields 
strained  with  different  tstr.  (a):  The  time  scale  ratio  Ce2.  (b): 
The  Rotta  parameter  Ci. 


Figure  3:  The  energy  spectrum  from  a  963  simulation  using 
the  Smagorinsky  model,  (a):  at  t  =  0.17,  (b):  at  t  =  0.76. 


that  the  main  contribution  to  the  pressure-strain  rate  in 
the  simulation  indeed  is  from  the  large  scales.  Hence  the 
pressure  strain  rate  is  set  equal  to  the  pressure-strain  rate 
calculated  from  the  LES 

n-j  =  n  l  (18) 

where  a  superscript  /  indicates  that  the  quantity  is  calcu¬ 
lated  from  the  filtered  field. 

The  anisotropy  and  dissipation 

In  decaying  turbulence  with  isotropy  on  the  sub-grid 
scales  it  is  possible  to  derive  correction  formulas  for  a,y 
and  e  that  only  depends  on  the  spectrum  shape.  Assuming 
the  energy  spectrum  shape  in  equation  (11)  with  b  =  -5/3 
gives  (Alvelius  et  al.  1996), 

-  o-l 

«  =  (1  -  (20) 

These  correction  functions  go  to  unity  as  the  ratio  between 
the  cut-off  wavenumber  and  the  peak  wavenumber  of  the 
energy  spectrum  kc/kp  becomes  large.  The  energy  spectra 
of  the  different  velocity  components,  Eaa  =  {uaua)/2  are 
plotted  in  figure  (3)  for  a  963  simulation  at  the  times  t  = 
0.17  and  t  =  0.76.  It  shows  that  the  different  spectra  at 
t  =  0.76  are  equal  for  the  smallest  resolved  scales  in  the 
simulation.  This  supports  the  assumption  of  isotropy  of 
the  sub-grid  scales. 


The  limit  of  infinite  Reynolds  numbers 

The  turbulence  Reynolds  number  is  a  measure  of  the 
ratio  between  the  large  scales  ( l )  and  the  small  scales  (77), 
Rer  ~  (l/v)i/3-  An  increase  of  ReT  will  give  a  decrease 
in  77  if  I  is  constant.  If  Rer  is  large  enough  there  will 
exist  an  inertial  subrange  for  the  energy  spectrum.  The 


averaged  quantities  considered  here  becomes  more  or  less 
independent  of  Reynolds  number  for  values  of  ReT  at  which 
the  inertial  sub-range  starts  to  develop.  When  the  inertial 
sub-range  is  increased  the  statistics  will  change  marginally, 
due  to  the  low  energy  content  in  the  highest  wave  numbers’, 
and  approach  an  asymptotic  limit.  The  limit  of  infinite 
Rer  is  represented  in  the  LES  by  an  inertial  sub-range 
all  the  way  out  to  the  cut-off  wave  number.  If  the  cut-off 
wavenumber  is  large  enough  the  main  part  of  the  scales  are 
resolved  to  give  the  asymptotic  behavior  illustrated  by  the 
estimates  in  (18,19,20). 

VALIDATION  OF  THE  LES 

The  results  from  the  LES  will  typically  depend  on  the 
SGS  stress  model,  the  resolution  and  in  the  beginning  of 
the  simulation  on  the  initial  condition.  The  validity  of  the 
results  from  the  LES  is  checked  by  using  the  two  different 
SGS  stress  models  and  also  by  doing  calculations  on  finer 
grids  which  will  make  the  influence  from  the  SGS  stress 
model  weaker.  The  influence  of  the  initial  condition  is 
studied  by  generating  the  strained  velocity  fields  with  rapid 
distortion  theory  or  with  the  simulation,  which  then  are 
relaxed.  The  ratio  between  the  decay  time  scales  of  I<  and 
e,  C£ 2  =  ( K/K)/{e/i ),  is  studied  in  order  to  see  how  the 
turbulence  decays.  The  velocity  field  is  considered  to  be 
relaxed  from  its  initial  state  when  Ce2  is  slowly  varying. 
The  prediction  of  IIr>  is  studied  by  calculating  the  Rotta 
parameter,  Ci,  which  is  defined  through  the  Rotta  (1951) 
model  for  the  slow  pressure  strain  rate  =  Ci  eatJ . 

Different  wavs  of  straining 

The  rapid  distortion  straining  will  most  likely  give  a  less 
physically  correct  velocity  field  compared  to  a  field  strained 
in  a  simulation.  In  the  latter  case  the  turbulence  has  time 
to  develop  during  the  straining  and  it  is  plausible  that  the 
results  early  in  the  relaxation  will  be  better  compared  to 
the  first  case.  The  drawback  of  the  rapid  distortion  strain¬ 
ing  is  investigated  by  relaxing  963  velocity  fields,  using  the 
Smagorinsky  model,  strained  with  rapid  distortion  theory 
and  in  the  simulation.  The  times  during  which  straining 
takes  place  are  tstT  =  0.05;  0.1;  0.2;  0.3;  0.5.  The  rapid 
distortion  is  considered  as  the  limit  tstr  =  0.  Figure  (4) 
shows  that  the  results  for  Ci  only  differ  slightly  early  in 
the  simulation.  The  difference  later  in  the  simulation  is 
due  to  statistical  uncertainty.  Ce2  behaves  the  same  in  all 
simulations,  allthough  possibly  shifted  slightly  in  time. 

Model  dependence 

The  dependence  of  the  choice  of  SGS  stress  model  is 
tested  at  high  Reynolds  number  for  axisymmetric  963  sim¬ 
ulations  with  a  a  =  4  initial  field.  In  figure  (5)  time  re¬ 
alizations  of  Ct2  and  C\  are  shown  for  the  Smagorinsky 
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Figure  5:  The  Smagorinsky  model  (full  lines)  and  spectral 
model  (dotted  lines)  relaxing  a  963  velocity  field,  (a):  The 
time  scale  ratio  Cti.  (b):  The  Rotta  parameter  Ci . 


Figure  6:  Relaxations  on  96s  grid  (full  lines),  1283  grid 
(dashed  dotted  lines)  and  2563  grid  (dotted  lines)  using  the 
Smagorinsky  model,  (a):  The  time  scale  ratio  Cc2 ■  (b):  The 
Rotta  parameter  Ci. 


model  and  the  spectral  model.  The  different  models  gives 
more  ore  less  the  same  behavior  for  Ci  and  Cc2  and  the 
results  are  concluded  to  be  quite  insensitive  to  the  choice 
of  SGS  stress  model. 


Resolution  dependence 
Even  though  the  sub-grid  scales  do  not  directly  con¬ 
tribute  to  the  quantities  considered,  they  may  influence 
them  indirectly  through  the  energy  containing  large  scales. 
Therefore,  in  order  to  get  a  reliable  result  it  is  necessary  to 
have  a  sufficiently  large  range  of  scales  between  the  small¬ 
est  energy  containing  scales  which  contribute  to  the  result 
and  the  filter  scale.  The  results  of  the  LES  are  checked  by 
doing  simulations  with  different  resolutions.  In  figure  (6) 
Ce2  and  Ci  are  plotted  for  963,  1283  and  2563  simulations 
with  a  =  2  initial  energy  spectra.  The  value  of  Ci  differs 
slightly  in  the  beginning  of  the  simulations.  This  seems  to 
be  due  to  the  fact  that  the  larger  simulations  take  longer 
times  to  reach  a  relaxed  state  from  its  initial  conditions 
which  is  indicated  by  the  undershoot  in  Cc2  which  results 
in  a  too  low  value  of  e.  When  C£2  has  converged  the  re¬ 
sults  for  Ci  agree  well  for  the  different  resolutions  and  we 
conclude  that  it  is  sufficient  to  do  96s  simulations  and  that 
such  simulations  also  relax  faster  to  a  physical  state  as 
compared  to  higher  resolutions. 

The  963  simulation  gives  values  of  Ci  very  similar  to 
those  with  a  =  4  in  figure  (5).  It  is  therefore  assumed  that 
the  results  are  independent  of  the  value  of  a. 

RESULTS 

LES  data  has  been  generated  with  963  simulations  where 
ten  different  realizations  are  made  for  each  parameter  case 
in  order  to  get  enough  statistics. 

The  model  in  equation  (13)  assumes  that  it  is  possible 
to  separate  the  dependence  on  ReT  and  op .  The  function 


Figure  7:  The  Rotta  parameter  Ci,  versus  the  turbulence 
Reynolds  number  at  the  anisotropy  value  an  =  —0.3.  ’o’- 
LES  data,  DNS  data,  DNS  data  at  au  =  -0.38, 
dotted  line:  Cioo/  from  (21)  with  CiTO  =  2.58  and  Dx  = 
1307.6,  full  line.  Cioo}  from  (21)  with  Cioo  —  1.85  and 
.Di  =  600. 


f{Rer )  is  calibrated  in  axisymmetric  turbulence  at  a  cer¬ 
tain  anisotropy  value.  The  anisotropy  dependence  is  stud¬ 
ied  at  high  Reynolds  number  for  different  initial  anisotropic 
states. 


The  Reynolds  number  dependence 

The  dependence  on  ReT  has  been  studied  by  setting  0i  = 
C loo  and  62  =  0  m  equation  (13),  which  essentially  gives 
the  Rotta  model  (1951)  with  Ci  =  Cioo/  as  the  Rotta 
parameter.  The  function  /  has  been  suggested  by  Hallback 
et  al.  (1993)  to  be 


f  = 


+  (§f>2 


ReT 

~d7 


(21) 


where  D\  is  a  constant.  LES  calculations  have  been  made 
for  relaxing  axisymmetric  turbulence  (e2  =  e3  =  1.5)  us¬ 
ing  the  Smagorinsky  model  with  Cs  =  0.115.  In  the 
simulations  kc/kp  zs  12  which  gives  a  negligible  correc¬ 
tion  to  the  LES  data.  C\  is  plotted  versus  Rex  for  the 
anisotropy  value  an  =  -0.3  in  figure  (7).  Ci^f{ReT) 
with  Cioo  —  1-85  and  D\  =  600  is  in  good  agreement  with 
the  LES  data.  The  preliminary  results  by  Alvelius  et  al. 
(1996)  Cioo  =  2.5  is  hence  lowered.  Hallback  (1993)  cali¬ 
brated  the  function  at  low  Reynolds  numbers  against  DNS 
data  to  get  Cioo  =  2.58  and  '  Di  =  1307.6.  Wind  tunnel 
measurements  by  Sjogren  and  Johansson  (1997b)  gave  val¬ 
ues  of  Ci  that  are  between  the  two  calibrations.  The  new 
calibration  coincides  with  the  old  for  low  Reynolds  num¬ 
bers,  where  the  DNS  data  is,  except  at  one  point.  In  this 
point  the  value  of  Ci  is  larger  than  both  curves,  probably 
due  to  a  to  low  value  of  Ce2.  This  suggest  that  the  new 
calibration  may  be  the  correct  one. 


The  anisotropy  dependence 
The  anisotropy  dependence  has  been  studied  at  high 
Reynolds  numbers  where  the  dependence  on  Rer  asymp¬ 
totically  vanishes.  Different  types  of  rotation  free  straining 
are  considered.  The  anisotropy  invariant  map  (AIM)  in 
figure  (8)  illustrates  the  relaxations  of  the  different  initial 
velocity'  fields.  The  functions  0\  and  02  can  be  expanded  in 
the  invariants  IIa  and  IIIa.  A  fifth  order  realizable  expan¬ 
sion  can  be  written  on  the  form,  (Sjogren  and  Johansson 
1997) 

0i  =ciF+(^Cl  +  C3)(i(F-l)  +  2//a  -II2a)  (22) 
0?  =  c2F  +  (fci  +  c3)(±IIa  +  |  IIJa)  (23) 
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Figure  8:  The  anisotropy  invariant  map  for  the  simulations. 


Figure  9:  The  functions  0i  and  02  from  the  simulations  (full 
lines)  and  the  model  (dotted  line). 


where  F  =  1  —  f  (JZ,  —  IIIa).  The  constants  a  ( *  = 
1,2,3)  are  calibrated  against  the  LES  data,  for  the  non- 
axisymmetric  flows,  using  a  least  square  method.  This 
gives  ci  =  —1.56,  c2  =  1.61  and  cz  =  1.27.  Sjogren  cali¬ 
brated  the  constants  at  lower  Reynolds  numbers  using  DNS 
to  be  ci  =  —2.4,  c2  =  2.2  and  cz  =  1.2.  Sjogren  used  the 
value  Di  =  1307.6  in  the  calibration.  In  the  range  of  Rer 
used  in  the  DNS  the  value  of  Di  will  strongly  influence 
the  function  f{Rer).  This  may  be  an  explanation  for  the 
difference  between  the  results  from  the  two  calibrations. 

In  figure  (9)  the  functions  0i  and  02  are  plotted  for  the 
non  axisymmetric  cases.  We  see  that  after  the  initial  phase 
in  the  simulations  the  functions  0i  and  02  are  more  or  less 
constant  with  values  independent  of  the  anisotropy  state. 
The  model  has  no  problem  of  capturing  this  behaviour. 
From  this  we  may  conclude  that  it  may  be  sufficient  to  take 
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Figure  10:  The  relaxation  paths  in  the  pressure  invariant 
map  for  the  simulations  (full  lines),  the  model  (dotted  line) 
and  the  simplified  model  (dashed  dotted  line). 


Figure  11:  The  pressure-strain  rate  II y  from  a  non- 
axisymmetric  simulation  (full  lines),  the  model  (dotted  line) 
and  the  simplified  model  (dashed  dotted  line). 


Figure  12:  The  pressure-strain  rate  Ily  from  an  axisym¬ 
metric  simulation  (full  lines),  the  model  (dotted  line)  and  the 
simplified  model  (dashed  dotted  line). 


0i  and  02  as  constants  in  the  model,  which  however  will 
give  a  non-realizable  model.  A  simpler  realizable  model  is 
obtained  from  (22)  and  (23)  by  setting  c3  =  -9ci/8  which 
gives  that  only  the  first  term  containing  F  is  retained 

n(«) 

~f~  ~  f{ReT)F[cia.ij  +  c2(aikakj  -  ~IIaSij)}  (24) 

where  ci  =  —1.56,  c2  =  1.61.  In  figure  (10)  time  realiza¬ 
tions  of  the  invariant  II p  =  np„IIp,/e2  is  plotted  against 
the  invariant  IIIP  =  IIp/II;pII9P/c3  for  the  anisotropy  cases 
in  figure  (8).  A  curve  to  the  left  in  figure  (8)  corresponds 
to  a  curve  to  the  right  in  figure  (10).  The  model  follows 
the  LES  data  well  in  the  axisymmetric  contraction  and  ex¬ 
pansion  case.  In  the  middle  of  the  figure,  close  to  IIIP  =  0 
the  agreement  is  worse.  The  simplified  model  gives  quali¬ 
tatively  the  same  result. 

A  direct  comparison  of  the  pressure-strain  rates  from  the 
models  and  the  LES  (figure  11,12)  shows  that  they  agree 
very  well  in  both  axisymmetric  and  non-axisymmetric 
flows. 


CONCLUSIONS 

It  is  supported  that  LES  with  still  a  relatively  low  phys¬ 
ical  resolution  can  be  used  to  calibrate  turbulence  quan¬ 
tities  in  the  asymptotic  limit  of  high  Rer-  In  the  homo¬ 
geneous  flow  case  considered  here  the  pressure-strain  rate 
model  performs  well.  It  gives  a  good  prediction  over  all  the 
Reynolds  number  and  anisotropy  range  The  results  sug¬ 
gests  that  the  simplified  model  (24)  is  sufficient  to  follow 
the  LES  data. 


P2-111 


REFERENCES 

Alvelius,  K.,  Hallback,  M.,  and  Johansson,  A.V.,  1996 
“Investigation  of  the  self-consistency  of  the  Smagorinsky 
constant  and  the  value  of  the  Rotta  parameter  at  high 
Reynolds  numbers”,  In  Proc.  of  the  second  ERCOFTAC 
Workshop  on  Direct  and  Large  Eddy  Simulation,  Grenoble, 
France 

Chollet,  J.P.,  1994,  “Two-Point  Closure  Used  for  a  Sub- 
Grid  Scale  Model  in  Large  Eddy  Simulations” ,  in  Turbulent 
Shear  Flow  IV,  eds.,F.  Dursts  and  B.  Launder  Springer- 
Verlag,  Heidelberg,  62. 

Deardorff,  J.W.,  1970,  “On  the  magnitude  of  the  Subgrid 
scale  Eddy  coefficient” ,  in  Journal  of  computational  physics 
%  pp.  120-133  (1971). 

u  Hallback,  M.,  Sjogren,  T.,  and  Johansson,  A.V.,  1993 
“Modeling  of  intercomponent  transfer  in  Reynolds  stress 
closures  of  homogeneous  turbulence.”  In  Proc.  of  Tur¬ 
bulent  Shear  Flows  IX,  eds.  Durst,  Kasagi,  Launder  and 
Whitelaw,  pp.  23.4.1-6. 

Rotta,  J.,  1951  “Statistische  theorie  nichthomogener  tur- 
bulenz  I”,  Z.  fur  Physik  129,  pp.  547-572. 

Smagorinsky,  J.,  1963.  “General  circulation  experiments 
with  the  primitive  equations”,  Mon.  Weather  Rev.  91,  p. 
99. 

Sjogren,  T.  and  Johansson,  A.V.,  1997a.  “Development 
and  calibration  of  algebraic  non-linear  models  for  terms 
in  the  Reynolds  stress  transport  equations”,  in  Doctoral 
thesis,  KTH,  Stockholm. 

Sjogren,  T.  and  Johansson,  A.V.,  1997b.  “Measurement 
and  modelling  of  homogeneous  axisymmetric  turbulence. 
Part  1:  The  return  to  isotropy  process”,  in  Doctoral  thesis, 
KTH,  Stockholm. 


P2-112 


L.R.N.  K-e  MODEL  FOR  PREDICTION  OF  TURBULENT  BOUNDARY  LAYERS, 
DEVELOPING  UNDER  STRONG  PRESSURE  GRADIENT  CONDITIONS 


E.  V.  Shishov,  A.  I.  Leontiev,  A.  V.  Gerasimov 


Russian  Federation 
Jubileyniy  prospect,  d.84,kv.22 
141  400  Moscow-Khimki-10 
Russia 


See  late  papers 


P2-113 


EXPERIMENTAL  AND  COMPUTATIONAL  STUDY  OF 
PRESSURE  EFFECTS  ON  TURBULENT  FLOW  IN  AN 
ASYMMETRIC  PLANE  DIFFUSER 


L.  Brunet^1),  J.-B.  Cazalbou^1),  P.  Chassaing^1^2),  L.  Jervase^1) 

^  ENSICA  Departement  de  Mecanique  des  Fluides 
1,  place  Emile  Blouin 
31056  Toulouse  cedex  5 
France 

(2)  INPT  Institut  de  Mecanique  des  Fluides  de  Toulouse 
Allee  du  Professeur  Camille  Soula 
31500  Toulouse 
France 


ABSTRACT 

An  experiment  is  presented  in  which  a  fully  developed 
duct  flow  is  subjected  to  a  strong  adverse  pressure  gradient 
through  a  plane  diffuser.  An  essentia]  difference  between 
this  configuration  and  the  widely  studied  adverse-pressure- 
gradient  boundary  layers  lies  in  the  structure  of  the  outer 
layer  which  is  fully  turbulent  in  our  case  and  intermittent 
in  a  regular  boundary  layer.  Comparison  with  (k,c)  model 
calculations  are  presented  in  an  attempt  to  see  if  the  known 
deficiency  of  the  model  in  the  prediction  of  retarded  wall- 
bounded  flows  could  be  related  to  the  presence  of  intermit- 
tency  in  the  outer  layer.  The  obtained  results  bring  some 
support  to  this  hypothesis,  global  characteristics,  velocity- 
defect  profiles  find  turbulent  kinetic  energy  profiles  are  in 
good  agreement  while  changes  in  the  structural  parameter 
—uv/k  remain  unseen  by  the  model. 

INTRODUCTION 

Since  the  review  of  experimental  data  and  prediction 
methods  at  the  1981  Stanford  conference,  the  prediction 
of  adverse  pressure  gradient  wall-bounded  flows  remains  a 
difficult  task.  With  two-equation  eddy-viscosity  models, 
the  problem  usually  manifests  as  an  overestimation  of  the 
computed  friction  coefficient  while  the  characteristic  thick¬ 
nesses  are  underestimated.  These  effects  have  been  found 
to  have  their  origin,  as  well  in  the  inner  region  with  an 
anomalous  shift  of  the  logarithmic  law  (Huang  fc  Brad¬ 
shaw,  1995),  as  in  the  outer  region  with  too  low'  values  of 
the  wake  parameter  (II)  (Wilcox,  1988). 

This  study  was  undertaken  to  investigate  the  outer  re¬ 
gion  deficiency.  We  start  from  the  fact  that,  in  opposition 
to  the  case  of  a  plane  channel  flow,  the  eddy-viscosity  con¬ 
stitutive  relation  in  the  ((k,e))  model  is  ill-behaved  in  the 
outer  region  of  a  turbulent  boundary  layer  (Cazalbou  &z 
Bradshaw,  1994)  and  want  to  examine  how'  the  nature  of 
the  outer  layer  —  whether  it  is  intermittent  as  in  the  case  of 
a  semi-confined  boundary  layer  or  fully  turbulent  when  the 
pressure  gradient  is  imposed  to  a  fully  developped  internal 
flow  —  could  be  related  to  the  observed  deficiencies.  The 
case  of  semi-confined  APG  flows  is  well  documented  and 
experiments  like  those  of  Samuel  &  Joubert  (1974)  or  Skare 
t k  Krogstadt  (1994),  have  been  useful  to  assess  the  per¬ 


formances  of  current  turbulence  models.  Fully  turbulent 
APG  flows  are  fewer:  one  can  mention  the  plane-diffuser 
flow  of  Obi  et  al.  (1993)  or  the  axisymmetric-diffuser  flow 
of  Arora  &  Azad  (1980).  In  this  paper,  we  present  an 
experiment  that  has  been  designed  to  supplement  these 
data:  a  fully  established  plane-channel  flow  is  subjected 
to  a  smoothly  increasing  adverse  pressure  gradient  with 
no  separation  and  no  curvature  effect  on  one  of  the  walls. 
Experimental  data  will  be  compared  to  calculation  results 
obtained  with  the  standard  (fc,e)  turbulence  model  to  see  if 
the  prediction  is  better  in  this  case  of  fully  turbulent  APG 
flow. 

EXPERIMENT 
Experimental  setup 

As  can  be  seen  in  figure  1,  the  flow  is  generated  in  a 
6  cm  wide  channel  whose  aspect  ratios  are  respectively  108 
and  12.7  in  the  longitudinal  and  transverse  directions.  The 
test  section  is  1  m  long,  made  up  of  a  lower  plane  glass  wall 
and  a  contoured  ceiling  whose  shape  has  been  designed  to 
obtain  the  desired  pressure-gradient  evolution.  The  out¬ 
let  of  the  test  section  is  smoothly  connected  to  a  second 
constant-section  duct  of  15  cm  width.  The  Reynolds  num¬ 
ber  at  the  inlet  of  the  test  section,  based  on  channel  height 
and  velocity  in  the  symmetry  plane,  is  equal  to  40,000.  65 
static  pressure  taps  are  distributed  on  each  of  the  lower 
and  upper  walls,  measurements  are  obtained  from  a  differ¬ 
ential  pressure  transmitter  Effa  GA76B  with  reference  to 
pressure  at  the  inlet  of  the  diffuser.  Lascr-doppler  mea¬ 
surements  are  possible  through  the  lower  wall  and  one  of 
the  side  walls.  U  (along  x)  and  V  (along  y)  velocity  compo¬ 
nents  with  the  three  associated  Reynolds  stress  (u2,t>2  and 
UF)  have  been  measured  at  21  different  stations  along  the 
diffuser  with  an  IFA  750  two-components  doppler-signal 
processor  from  TSI.  The  friction  coefficient  is  evaluated 
at  each  station  by  fitting  the  velocity  profile  to  the  loga¬ 
rithmic  law.  Two-dimensionnality  of  the  flow  has  firstly 
been  checked  at  the  end  of  the  plane  channel:  the  max¬ 
imum  mean  velocity  varies  by  less  than  1  %  within  400 
mm  around  the  centerline  of  the  channel.  In  the  diffuser, 
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Figure  2:  Longitudinal  evolution  of  pressure  coefficient  and 
pressure  gradient  parameters,  o:  pressure  coefficient,  •:  P+ 

<■  P- 


a  momentum  balance  has  been  evaluated  that  appears  to 
be  satisfactory  up  to  700  mm  from  the  inlet,  farther  away 
two-dimensionality  and/or  skin  friction  coefficient  values 
will  not  be  considered  as  reliable. 

Description  of  the  flow 

The  flow  can  be  characterized  by  the  longitudinal  evo¬ 
lution  of  the  pressure  gradient  normalized  by  both  inner 
and  outer  flow  scalings.  To  this  end,  we  shall  consider 
some  equivalent  of  a  boundary  layer  thickness  (J)  defined  as 
the  distance  above  the  lower  wall  where  the  mean  velocity 
reaches  its  maximum  in  the  section  (£/0),  the  momentum 
(0)  and  displacement  (<f*)  thicknesses  will  be  obtained  from 
integrations  up  to  S  with  velocities  non-dimensionalized 
bv  Up .  The  evolutions  of  the  Clauser  parameter  0  = 
£’P,x/tw,  “viscous”  pressure  gradient  P+  =  i 'PtX/(pu\) 
and  pressure  coefficient  ( P-P0)/pUl  (P0  is  the  iniet  pres¬ 
sure  and  Uj  is  the  bulk  mean  value  of  the  velocity)  are 
plotted  in  figure  2.  One  can  see  that  the  value  of  the  pres¬ 
sure  coefficient  increases  gradually  across  the  diffuser,  the 
pressure  gradient  reaching  its  maximum  at  approximately 
x  =  420  mm.  0  and  P+  respectively  peak  at  8.5  and 
4.2  10  2  at  x  =  800  mm,  their  values  are  still  as  high  as 
7  and  4 10-2  at  x  =  700,  the  limit  beyond  which  we  shall 
not  consider  our  data  as  fully  reliable.  In  comparison  with 
the  case  of  a  regular  boundary  layer,  these  values  are  well 
within  the  range  where  classical  turbulence  models  fail:  in 
the  reference  experiment  of  Samuel  &  Joubert,  0  increases 
up  to  7.7  while  P+  stays  below  1.1 10-2. 

To  further  investigate  the  structure  of  the  flow,  it  will  be 
interesting  to  refer  to  the  analysis  of  Perry  et  al.  (1966). 
From  dimensional  reasonning,  these  authors  propose  a  par¬ 
tition  of  the  APG  inner  layer  into  two  different  regions,  the 
first  one  is  similar  to  that  of  a  zero  pressure  gradient  inner 


Figure  3:  Location  of  the  different  regions  of  the  inner  layer 
— o— :  0.2J,  -o-:  1.41/P+,  A:  y+  =30. 


layer  with  a  viscous  layer  and  — if  the  pressure  gradient  is 
not  to  high —  the  familiar  logarithmic  layer.  Farther  from 
the  wall  the  mean  flow  is  supposed  to  depend  only  on  the 
kinematic  pressure  gradient  and  the  distance  to  the  wall 
leading  to  a  half-power  law  for  the  mean  velocity  profile. 
Examination  of  experimental  data  has  led  Perry  et  al.  to 
propose  the  following  half-power  law: 

V+=K(P*y*)'K  +  lk(£)  +  A  (1) 

with:  A  —  4.16,  k  =  0.4  and  A  =  5.1.  This  relation  is 
believed  to  be  valid  in  the  inner  region  for  y+  >  1.41  //»+. 
Taking  the  limit  of  the  viscous  region  at  y+  =  30,  Perry 
et  al.  consider  that  the  logarithmic  layer  disappears  when 
P+  becomes  higher  than  0.05.  We  have  plotted  in  figure  3 
a  sketch  of  the  different  regions  in  our  flow,  the  limit  of 
the  viscous  region  corresponds  to  y+  =  30,  the  half-power 
region  lies  above  the  line  corresponding  to  y+  >  1.41/P+ 
and  the  limit  of  the  inner  region  is  tentatively  given  at 
y  =  0.2J.  Accordingly,  the  mean  velocity  profiles  should 
exhibit  a  half-power  portion  for  x  greater  than  320  mm 
and  the  presence  of  a  logarithmic  region  is  not  warranted 
for  the  700  and  800  mm  stations. 

COMPARISON  WITH  MODEL  CALCULATIONS 
Calculation  procedure 

Calculations  have  been  performed  using  the  two- 
dimensional  Reynolds-averaged  Navier-Stokes  equations 
and  the  (k,e)  eddy-viscosity  model.  The  model  is  imple¬ 
mented  in  its  “high  Reynolds  number”  standard  form  —  i.e 
with  values  of  the  constants  as  given  in  Launder  &  Sharma 
(1974)  —  and  with  wall  functions  used  to  bridge  the  vis¬ 
cous  region  (Launder  &  Spalding,  1974).  This  approach 
has  been  adopted  to  limit  as  much  as  possible  the  inci¬ 
dence  of  an  incorrect  modelling  of  the  Tow  Reynolds  num- 
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Figure  4:  Evolution  of  pressure  (o)  and  skin  friction  (•)  co¬ 
efficients  along  the  diffuser,  solid  lines:  calculations,  symbols: 
experiment. 


ber”  region  and  to  focus  the  discussion  on  the  behaviour  of 
the  model  in  the  outer  region  which  is  our  primary  interest 
here. 

The  calculation  procedure  is  inspired  from  Kwak  (1989), 
it  is  based  on  the  artificial-compressibility  method  and 
finite-volume  discretization.  Time  integration  is  explicit, 
space  discretization  is  centered  for  the  diffusion  terms  and 
uses  the  flux-difference-splitting  method  of  Roe  (1981)  for 
the  convection-pressure  terms. 

The  computational  domain  is  made  up  of  the  diffuser  and 
two  500  mm  long  inlet  and  outlet  constant-section  ducts. 
The  computational  grid  comprises  respectively  100  and  30 
points  in  the  longitudinal  (£)  and  transverse  (rj)  direction. 
The  constant-^  grid  lines  are  orthogonal  to  both  walls  and 
the  centers  of  the  near-wall  cells  are  located  at  approxi¬ 
mately  y+  —  30. 

Inflow  boundary  conditions  are  obtained  from  the  solu¬ 
tion  of  the  model  equations  for  the  one-dimensional  duct- 
flow  problem  except  for  pressure  which  is  extrapolated 
from  its  value  inside  the  domain  assuming  constant  pres¬ 
sure  gradient.  At  the  outlet,  pressure  is  fixed  and  all  other 
variables  are  extrapolated  with  the  assumption  of  zero  gra¬ 
dient. 

Global  characteristics 

Computed  pressure  coefficients  and  friction  coefficients 
(defined  as  C,  =  2  (P  -  P0)  / pU\)  are  plotted  against  ex¬ 
perimental  data  in  figure  4.  Pressure  coefficients  are  in  rea- 
sonnably  good  agreement  up  to  x  —  700  mm,  farther  away 
the  computed  results  become  significantly  higher  than  the 
experimental  data.  This  seems  coherent  with  what  is  ex¬ 
pected  from  the  three-dimensional  effets  that  we  suspect  to 
take  place  in  this  region  of  the  flow:  the  thickenning  of  the 
boundary  layers  on  the  side  walls  acts  to  increase  the  ve¬ 
locity  in  the  center  portion  of  the  diffuser  and  thus  should 
reduce  the  effective  pressure  gradient.  Skin  friction  coeffi¬ 
cients  are  in  good  agreement  all  along  the  diffuser.  How¬ 
ever,  as  we  note  in  figure  3,  the  existence  of  the  logarithmic 
layer  is  questionable  for  stations  beyond  x  =  700  mm  and 
so  for  our  evaluation  of  the  wall  shear  stress.  Therefore,  we 
shall  merely  retain  the  good  agreeement  between  computed 
and  experimental  results  up  to  station  x  =  600  mm. 

Integral  thicknesses  are  plotted  in  figure  5,  here  again 
the  agreement  is  fairly  satisfactory  up  to  x  =  700  mm. 
Beyond  this  station,  the  computed  displacement  thickness 
is  directly  affected  by  the  overestimated  pressure  gradient, 
while  the  computed  momentum  thickness  is  much  less  af¬ 
fected  and  stays  in  close  agreement  with  the  experimental 
results  all  along  the  diffuser.  We  note  that,  in  the  region 
between  x  =  0  and  x  =  600  mm  where  we  consider  our 
results  as  reliable,  the  shape  factor  increases  from  1.34  to 
1.54,  this  is  comparable  with  the  values  given  by  Samuel 


Figure  5:  Evolution  of  displacement  (upper  curves)  and  mo¬ 
mentum  (lower  curves)  thicknesses  along  the  diffuser,  solid 
lines:  calculations,  symbols:  experiment. 
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Figure  6:  Evolution  of  the  wake  parameter  against  /?  up  to 
x  =  600  mm,  solid  line:  calculations,  symbols:  experiment. 


&:  Joubert  for  their  experiment  (1.39-1.61),  a  case  where 
(k,e)-model  predictions  show  significant  errors  on  the  fric¬ 
tion  coefficient  and  characteristic  thicknesses. 

The  evolution  of  the  wake  parameter  II  (Coles,  1956) 
as  a  function  of  /?  is  interesting  since  predictions  with  the 
(k,c)  model  systematical  underestimates  II  in  a  regular 
APG  boundary  layer  (see  Wilcox,  1988).  In  figure  6,  the 
computed  and  experimental  II-/?  curves  are  plotted  for  0  < 
x  <  600  mm,  the  range  for  which  we  expect  a  logarithmic 
layer  so  that  Coles’  formulation  is  meaningful.  One  may 
refer  to  Wilcox’  (1988)  figure  1-c  and  see  that  the  situation 
is  significantly  improved  over  the  case  of  APG  boundary 
layers,  in  fact  it  appears  that  our  (k,e)  data  are  almost 
identical  to  Wilcox’  as  if  the  model  could  not  distinguish 
whether  or  not  the  flow  is  fully  confined. 

Local  results 

In  detailed  comparison,  7  stations  have  been  selected 
for  presentation.  These  stations  cue  located  between  x  = 
400  mm  and  x  =  700  mm  which  is  the  region  of  most 
intense  pressure  gradient  for  which  we  assume  the  flow  to 
remain  two-dimensionnal.  The  following  table  gives  the  de¬ 
tail  of  these  stations  and  several  characteristic  parameters 
of  interest. 
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Figure  7:  Velocity  profiles  in  half-power  plot,  symbols:  ex¬ 
periment,  solid  line:  computation,  solid  straight  line  :  half¬ 
power  law,  dashed  line:  log.  law. 


Mean-velocity  field.  In  a  first  step  we  shall  exam¬ 
ine  the  consistency  of  our  results  with  Perry  et  al.  (1966) 
theory.  Velocity  profiles  in  the  form  given  by  equation  1 
are  plotted  in  figure  7  for  the  selected  stations.  It  can  be 
seen  that,  in  the  experiment,  convincing  y1/2  layers  do  not 
appear  before  x  =  440  ~  480  despite  the  fact  that,  on  the 
basis  of  figure  3,  the  half-power  law  is  expected  even  before 
x  =  400.  In  fact,  as  in  Samuel  k  Joubert  experiment,  the 
y1/2  layer  is  not  observed  in  the  region  of  increasing  pres¬ 
sure  gradient.  The  computed  profiles  show  the  same  trend, 
flat  portions  on  the  plots  appear  even  later  with  a  slope 
which  is  slightly  but  consistenly  higher  than  K  =  4.16, 
except  for  the  last  station.  The  overal  agreement  between 
computed  and  experimental  results  is  downgraded  far  from 
the  lower  wall  as  x  increases  because  overestimation  of  the 
pressure  gradient  and  underestimation  of  uT  cumulates  in 
P+. 

In  figure  8,  the  velocity  profiles  have  been  plotted  in 
the  classical  velocity-defect  formulation.  Agreement  be¬ 
tween  computation  and  experiment  is  fairly  good  except 
for  the  last  station  and  confirm  the  good  behaviour  of  the 
model  in  the  outer  region  of  this  flow.  It  is  obvious  from 
the  figure  that  no  similarity  holds  with  the  uT-S  scaling. 
Several  other  outer  scalings  can  be  considered  in  APG 
wall-bounded  flows.  We  shall  examine  first  the  proposed 
of  Perry  k  Schofield  (1973)  who  seek  an  outer  law  in  the 
form: 


that  connects  to  the  wall  region  through  a  half-power  over¬ 
lap  layer  described  by  the  law: 

(Uo  -U)/U3  =  -2A"  (y/A)1/2  +  1  (3) 
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Figure  8:  Velocity  defect  profiles  in  uT-S  scaling,  solid  lines: 
calculations,  symbols:  experiment. 


This  last  relation  shows  that  U ,  is  a  characteristic  scale 
that  can  be  deduced  from_the  value  of  the  intercept  to  0  of 
the  linear  portion  of  the  U /U0  vs.  (y/<f*)I/2  graph,  this  is 
what  has  been  done  here  for  all  stations.  A  is  a  length  scale 
defined  as  S*Uo/(U,C).  In  figure  9  the  velocity  defects 
normalized  by  U,  have  been  plotted  against  S'Uo/U,.  The 
collapse  of  the  graphs  brings  some  support  to  the  adopted 
scaling.  Experimentally  as  well  as  numerically  the  curves 
obtained  at  the  last  station  depart  significantly  from  the 
others,  but  it  could  be  checked  that  this  scaling  brings  ex¬ 
periment  and  computation  in  close  agreement  even  for  this 
station.  Another  possible  scaling  for  APG  wall-bounded 
flows  has  been  proposed  by  Kader  k  Yaglom  (1978)  in  the 
form: 

=  W,th:  up  =  &P-*Ip  (4) 

This  scaling  has  been  adopted  in  figure  10.  Here,  the  col¬ 
lapse  of  the  different  profiles  is  less  convincing  than  with 
Perry  k  Schofield  scaling.  However  it  could  be  checked  that 
this  formulation  brings  also  the  experimental  and  com¬ 
puted  results  in  close  agreement. 

Turbulent  field.  In  this  section  we  restrict  the  discus¬ 
sion  to  turbulent  kinetic  energy  and  turbulent  shear  stress 
which  are  of  primary  interest  considering  the  level  of  turbu- 
lence  closure  that  has  been  studied  here.  Measurements  of 
u2 ,  v2 ,  uu  have  been  obtained  at  all  seven  stations  selected 
here.  The  turbulent  kinetic  energy  is  therefore  evaluated 
assuming  that  w2  —  0.5(u2  +  v2).  However,  measurements 
of  w2  have  been  made  at  station  x  =  600  mm  that  give 
some  support  to  this  approximation  w2  being  almost  con¬ 
stantly  equal  to  0.45(u2  +  u2). 

Turbulent  kinetic  energy  normalized  by  u2  is  plotted 
against  y/<5  in  figure  11.  Except  for  the  last  station  where 
the  underpredicted  value  of  uT  causes  significant  discrepan¬ 
cies,  the  agreement  between  experiment  and  computation 
is  good.  In  particular,  the  turbulent  kinetic  energy  level 
at  S,  the  level  and  position  of  the  maxima  are  satisfactory. 
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Figure  9:  Velocity-defect  plot  according  to  Perry  &i  Schofield 
scaling,  solid  lines:  calculations,  symbols:  experiment. 


Figure  11:  Turbulent  kinetic  energy  profiles  (legend  as  in 
Figure  8). 


One  should  note  the  high  values  reached  by  k+  in  the  flow, 
its  value  peaks  at  about  10  for  x  =  600  mm.  Such  high 
levels  are  usual  in  APG  flows  and  can  be  favourably  com¬ 
pared  to  those  reached  in  the  experiment  of  Nagano  et  al. 
(1991)  for  equivalent  values  of  0. 

The  evolution  of  the  structure  parameter  —uv/k  is  of  in¬ 
terest  since  its  value  is  usually  fairly  constant  outside  the 
viscous  region  of  wall-bounded  flows,  the  accepted  value 
being  0.3.  Our  experimented  data  for  —uv/k  are  rather 
noisy  but  have  been  retained  for  presentation  for  they  show 
some  interesting  trends.  As  can  be  seen  in  figure  12,  the 
data  involve  some  plateau  whose  value  appears  to  be  con¬ 
sistently  below  0.25  which  is  rather  low  compared  to  the 
accepted  value  0.3.  Spalart  &c  Watmuff  (1993)  and  Skare 

Krogstad  (1994)  also  observed  a  drop  in  the  values  of 
—uv/k  for  APG  boundary  layers  but  not  so  marked  as 
here.  Another  feature  that  is  worth  to  mention  is  a  con¬ 
sistent  shortening  of  the  plateau  as  the  pressure  gradi¬ 
ent  increases.  In  any  case  these  results  need  to  be  con¬ 
firmed  by  new  measurements  with  larger  samples.  The 
computed  results  appears  to  be  insensitive  to  these  struc¬ 
tural  changes,  this  is  not  surprising  since  a  constant  value 

of  —uv/k  (—  ClJ2  —  0.3)  is  intrinsicallly  part  of  the  defi¬ 
nition  of  the  (k,e)  model. 

CONCLUSIONS 

The  results  presented  here  seem  to  indicate  that  the  pre¬ 
dictions  obtained  with  the  ( k,e )  model  in  a  fully  turbulent 
APG  wall-bounded  flow  do  not  suffer  from  the  deficien¬ 
cies  observed  in  the  intermittent  outer  layer  of  a  regular 
boundary  layer.  The  skin  friction  coefficient,  characteris¬ 
tic  thicknesses  and  wake  parameter  are  well  predicted  and 
the  velocity  profiles  in  several  defect  formulations  are  in 
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Figure  10:  Velocity-defect  plot  according  to  Kader  &  Yaglom 
scaling,  solid  lines:  calculations,  symbols:  experiment. 
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Figure  12:  Structure  parameter  -uv/k  (legend  as  in  Fig¬ 
ure  8). 
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good  agreement  with  measurements.  As  a  consequence,  it 
may  be  thought  that  sensitizing  the  model  to  the  intermit- 
tency  phenomenon  is  likely  to  improve  model  predictions 
in  a  regular  boundary  layer.  Cho  &  Chung  (1991)  have 
defined  such  a  model  for  free  shear  flows,  extending  its 
use  to  wall-bounded  flows  may  help  to  solve  the  APG-flow 
prediction  problem. 
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ABSTRACT 

The  paper  describes  an  experimental  investigation  of 
coaxial  jets  with  large  density  differences.  Measurements  by 
various  techniques  show  that  density  effects  on  the  flow 
dynamics  and  the  mixing  are  taken  into  account  to  the  first 
order  by  considering  the  specific  outer  to  inner  jet 
momentum  flux  ratio  M  and  not  separately  the  density  and 
the  velocity  ratios.  For  a  given  value  of  M,  however,  a  slight 
enhancement  of  mixing  is  found  for  density  ratios  much 
smaller  than  one. 


EXPERIMENTAL  SET-UP  AND  INSTRUMENTA¬ 
TION 

The  experimental  set-up  consists  of  a  pair  of  concentric 
axisymmetric  nozzles  discharging  into  quiescent  ambient 
air.  The  inner  nozzle  is  supplied  by  air  or  SF6  and  consists  of 
a  tube  200mm  long.  The  annular  nozzle  is  supplied  by  air  or 
helium  (Fig.  1).  The  flow  enters  the  outer  nozzle  radially 
through  an  annular  porous  cylinder  (radius  38  mm)  and  is 
deviated  downstream  in  the  axial  direction.  The  experimental 
conditions  are  : 


AIM  OF  RESEARCH 

Coaxial  jets  are  present  in  several  practical  applications, 
especially  in  the  field  of  combustion  where  the  mixing  pro¬ 
cess  is  largely  controlled  by  the  flow  dynamics.  This  has  mo¬ 
tivated  numerous  investigations  on  isothermal  coaxial  jets, 
principally  in  the  homogeneous  case  (Champagne  and 
Wygnanski  1971,  Kwan  and  Ko  1976,  Au  and  Ko  1987, 
Dahm  et  al  1992,  Rehab  et  al  1997).  Very  few  investigations 
have,  however,  considered  the  effects  of  density  on  these 
flows  although  large  density  differences  may  be  present  in 
industrial  processes.  Gladnick  et  al  (1990)  found  an  increase 
in  mixing  with  increasing  velocity  ratio  (limited  to  2  in  their 
study)  in  an  axisymmetric  jet  flow  of  CFC-12  issuing  into  a 
coannular  jet  flow  of  air  (density  ratio  :  0.26).  This  was 
attributed  to  the  presence  of  annular  vortex  rings  originating 
in  the  mixing  layer  between  the  inner  jet  and  coannular  flow. 

The  present  research  is  an  attempt  to  simulate  the  flow 
conditions  of  liquid  propellant  rocket  engine  injectors  which 
are  characterized  by  a  low  velocity-high  density  inner  jet 
surrounded  by  a  high  velocity  -  low  density  co-annular  jet. 
By  using  various  gas  combinations  (air,  helium.  SF6),  it  is 
possible  to  reach  very  large  density  differences  in  the  flow 
field  near  the  nozzle.  The  objectives  of  the  research  are  to 
investigate  the  effects  of  density  variations  on  the  flow,  in 
particular  the  evolution  of  the  density  field  by  using  thermo- 
anemometry  in  relation  to  the  flow  dynamics. 


FIGURE  1:  SKETCH  OF  THE  COAXIAL  JET 


*  Inner  jet  (i)  Diameter :  Dj  =  20  mm 

Bulk  velocity  :  Uj  density  :pj 

*  Outer  jet  (e)  Diameter :  De  =  27  mm 

Bulk  velocity  :  Ue  density  :pe 

*  Ambient  fluid:  density  :poo 

*  Diameter  ratio  P  =  De/Dj  =  1.35  (constant  in  this 

experiment) 

*  Bulk  velocity  ratio  rv  =  Ue/Uj  (3  <  rv  <  70) 
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*  Density  ratio  S  =  pe/pj  (0.028  <S  <]) 

*  Specific  momentum  M  =  rv2S  (1  <  M  <  200) 

flux  ratio 

The  Reynolds  number  used  is  based  on  the  hypothetical  jet 
with  outer  fluid  properties  and  a  velocity  such  as  to  have  the 
same  total  momentum  flux.  It  may  be  expressed  as  : 

ReM  =  Reext  [1+(1-M)/(32M]1/2,  where 
Reext  =  PeD'eDe/Pe  ■  Typical  values  are  : 

*  air/air  or  air/SF6  jets  :  Reext  =  11000 

7300  <  ReM  <  7800, 

*  helium/air  jets  :  Reext  =  3200 

2100  <  ReM  <  2400 

The  velocity  ratio  rv  was  varied  by  changing  the  inner  velo¬ 
city  (inner  Reynolds  number  Re;=  pjUjDj/pj)  and  by  kee¬ 
ping  the  outer  velocity  constant  (6  m/s  for  air  and  16  m/s  for 
helium).  In  most  experiments,  the  jet  issued  into  ambient  air. 
To  test  the  effect  of  ambient  fluid  density,  some 
measurements  were  made  with  the  jet  issuing  into  a  chamber 
filled  with  helium  (cross-section  0.66  m  x  0.90  m). 

Measurements  were  made  with  an  original  design  of  the 
aspirating  probe  used  by  Brown  and  Rebollo  (1972)  for  the 
study  of  the  inhomogeneous  mixing  layers.  It  consists  of  a 
very  thin  tube  (I.D.  80  pm,  O.D.  300  pm)  connected  to  a 
vacuum  pump.  When  the  aspirating  pressure  is  lower  than  a 
critical  value,  the  mass  flow  is  blocked  in  the  tube  and  a  hot¬ 
wire  placed  inside  is  then  only  sensitive  to  density  but  in¬ 
sensitive  to  velocity.  Contrary  to  the  arrangement  of  Brown 
and  Rebollo,  in  the  present  experiment  the  hot-wire  was 
located  at  the  entrance  of  the  suction  tube  in  order  to  improve 
the  time-response  of  the  probe.  The  probe  was  calibrated  in 
the  inner  nozzle  flow  with  known  velocity  and  density.  It  has 
been  verified  that  it  remains  only  sensitive  to  density 
variations  in  this  configuration.  The  working  principle  of 
the  probe  requires  a  large  local  perturbation  of  the  flow  since 
nearly  sonic  conditions  are  maintained  at  the  tube  entrance. 
Fortunately,  the  perturbation  velocity  decreases  very  rapidly 
with  r,  the  distance  to  the  probe  (as  1/r2).  The  spatial  resolu¬ 
tion  is  estimated  to  be  of  the  order  of  1  mm.  The  time-res¬ 
ponse  of  the  probe  is  about  1  ms.  These  probe  characteristics 
have  been  checked  in  a  helium-air  mixing  layer  and  in  the  far- 
field  of  a  helium-air  jet.  In  the  latter  flow,  the  measured  mean 
density  and  the  corresponding  r.m.s  fluctuation  are  in  good 
agreement  with  the  results  of  Pitts  (1986). 

Laser-sheet  visualizations  were  performed  by  using  a  15W 
copper  laser  pulsed  at  10  kHz.  The  sheet  thickness  was 
estimated  to  be  about  1mm.  The  air  flow  was  seeded  with 
encense  smoke  and  the  pictures  were  recorded  with  a  video 
camera  at  50  frames/s  and  at  a  shutter  speed  of  l/4000s.  As  a 
result,  each  frame  was  exposed  to  two  laser  shots  separated 
by  a  time  interval  of  0.1  ms. 


RESULTS 

Onset  of  recirculation 

The  initial  stages  in  the  development  of  the  flow  are 
governed  by  the  growth  of  the  mixing  layers,  generated  on 
both  sides  of  the  annular  outer  jet.  An  important  feature  of 
the  flow  is  the  entrainment  of  fluid  issued  from  the  central 
nozzle  into  the  inner  mixing  layer  surrounding  the  potential 
core.  The  length  of  the  central  potential  core  results  directly 
from  the  balance  between  the  mass  flow  rate  of  the  inner  fluid 
and  the  entrainment  rate  into  the  inner  mixing  layer.  It  may 
be  expressed  in  terms  of  the  normalized  entrainment  velocity 


vE/Uj.  This  entrainment  process  results  in  a  decrease  of  the 
mass  flow  rate  in  the  central  region.  Consequently,  the 
central  jet  velocity  first  decreases  to  a  minimum  value.  This 
value  is  reached  at  the  point  where  the  inner  mixing  layers 
merge  on  the  jet-axis.  vE/Uj  increases  with  increasing 
velocity  ratio  rv  and  it  is  expected  that  for  sufficiently  high 
values  of  rv,  a  regime  of  recirculation  occurs  near  the  nozzle. 

Although  the  present  situation  is  more  complex,  the  plane 
mixing  layer  is  a  good  basis  for  the  understanding  of  the 
influence  of  the  parameters  which  characterize  the  coaxial 
jet.  Effects  of  density  have  been  considered  by  Brown  and 
Roshko  (1974)  and  more  recently  by  Dimotakis  (1986),  who 
has  modelled  the  asymmetric  entrainment  on  the  two  sides  of 
the  mixing  layer.  Quite  recently,  numerical  simulations  of 
Soteriou  and  Ghoniem  (1995)  have  confirmed  the  observed 
tendency  to  mixing  enhancement  when  the  slower  stream 
becomes  denser.  In  the  Dimotakis  model,  the  mixing  layer 
growth  is  due  to  entrainment  by  the  large-scale  vortical 
structures  present  in  the  flow  and  is  predicted  by  modelling 
the  entrainment  velocity  vE  on  each  side  of  the  mixing  layer. 
On  the  low-speed  side  of  the  inner  mixing  layer  (free  stream 
velocity: Uj),  vE  is  given  by  : 

vE/(Uc-Uj)  =  e 

where  e  is  roughly  independent  of  rv  and  S  (at  least  for 
moderate  values  of  S).  The  convection  velocity  Uc  of  the 
vortical  structures  in  the  model  is  related  to  the  freestream 
velocities  and  to  the  density  ratio  S,  resulting  in  : 

.M1/2  -  S1 


vE/Ui=e 


S,/2(rv 


n  wt/2  oi/2 
— -=Z‘ 


1  +  S 


1/2 


1  +  S 
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It  can  be  seen  that  for  high  values  of  the  velocity  ratio  rv, 
vE  /U;  is  directly  related  to  the  momentum  ratio  M,  and  in  the 
limit  S  — >  0,  vE/Uj=  E  M^2.  When  applied  to  coaxial  jets 
with  high  velocity  ratios,  this  model  suggests  that  the 
effects  of  density  may  be  taken  into  account  by  considering 
the  flux  momentum  ratio  M  to  characterize  the  flow. 
However,  when  M  is  kept  constant,  a  second-order  effect  of 
density  is  still  present  and  Eq.l  indicates  an  enhancement  of 
entrainment  of  the  low-speed  stream  when  the  high-speed 
stream  has  lower  density. 

These  predictions  are  confirmed  by  the  present  experimental 
investigation.  It  has  been  shown  that  recirculation  occurs 
when  rv  is  higher  than  a  critical  value  (Villermaux  et  al  1994, 
Camano  and  Favre-Marinet  1994).  The  effects  of  density 
have  been  explored  by  using  various  combinations  of  air, 
helium  and  SF6  so  that  S  varies  from  1  to  values  as  low  as 
0.028.  The  onset  of  recirculation  was  detected  by  visualiza¬ 
tions,  laser-velocimetry  and  thermo-anemometric  techniques 
(Camano  1996).  Results  obtained  with  different  methods  are 
in  good  agreement  and  show  that  effects  of  density  are  rather 
well  taken  into  account  by  considering  the  flux  momentum 
ratio  M  and  not  separately  rv  and  S.  As  a  matter  of  fact,  the 
separation  between  the  two  regimes  may  be  defined  in  terms 
of  a  critical  ratio  Mc  .  The  central  jet  has  a  potential  core  of 
length  L  which  decreases  with  increasing  M.  When  M  is 
higher  than  Mc  (=  50),  reverse  flow  occurs  at  a  distance  of 
about  IDi  from  the  nozzle  and  a  recirculation  bubble  appears 
in  the  central  region  of  the  jet.  The  length  of  this  bubble 
increases  with  M  in  the  direction  of  the  nozzle. 


Visualizations 

For  air-air  jets,  the  mixing  layers  consist  of  regular  axi- 
symmetric  structures  (Fig.2)  similar  to  those  observed  in  wa- 
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ter  by  other  authors  (Dahm  et  al  1992,  Rehab  et  a!  1997) 
Cross-sectional  views  show  the  development  of  azimuthal 
instabilities  on  both  sides  of  the  coannular  jet.  They  corres¬ 
pond  to  longituginal  vortices  as  demonstrated  by  the  typical 
view  (Fig.2)  taken  at  x/Di=l.  About  a  dozen  azimuthal  struc¬ 
tures  are  present  at  this  distance  from  the  nozzle. 

For  S  much  smaller  than  one  (SF6  as  the  inner  fluid),  the 
flow  looks  similar  to  the  homogeneous  case.  It  may  be 
noted,  however,  that  the  growth  of  the  seeded  annular  jet  is 
faster  than  for  the  preceding  case.  This  seems  to  be  caused  by 
the  faster  development  of  the  small  scale  structures  which  are 
responsible  of  the  more  corrugated  interface  between  the  two 
jets.  The  recirculation  regime  is  shown  in  Fig.  3  for  two 
values  of  S. 


FIGURE  2:  VISUALIZATIONS  BY  LASER-SHEET. 
M=9;  Ue=  6m/s,  Re^=  7730,  left  :  air-air  coaxial  jet,  rv  =  3, 
Rej=2700;  right  :  air/SF6  coaxial  jet,  S  =  0.21,  rv  =  6.5, 
Re;=7360;  top  :  cross-sectional  views  at  x/Di  =  1; 
bottom  :  sideviews  of  the  jet 


FIGURE  3:  VISUALIZATIONS  BY  LASER-SHEET.  M=144; 
Ue=  6m/s,  Rejvj=  7280,  left :  air-air  coaxial  jet,  rv  =  12, 
Rej=675;  right  :  air/SF6  coaxial  jet,  S  =  0.21,  rv  =  26, 
Rej=1840 

Visual  inspection  of  the  films  gives  an  estimation  of  the 
length  of  the  potential  core  L  (Fig. 4).  Although  the  data  pre¬ 
sent  a  rather  large  scatter  due  to  experimental  uncertainties, 
some  trends  may  be  deduced  from  Fig.4.  For  air/air  jets,  L/Di 
follows  a  law  in  M~l/2  in  agreement  with  the  predictions  of 
Rehab  et  al  (1997).  When  recirculation  occurs,  the  length  of 
the  potential  core  decreases  faster  than  indicated  by  the  pre¬ 


ceding  law.  There  is  a  significant  effect  of  gravity  for  the 
air/SF6  jets  for  intermediate  values  of  M.  All  the  results  for 
this  gas  combination  indicate,  however,  a  shortening  of  the 
potential  core,  even  in  the  case  of  favorable  gravity.  This  is 
especially  true  for  the  larger  values  of  M  for  which  the  results 
obtained  with  the  two  opposite  up/down  directions  of  the 
nozzle  are  the  same.  The  He/air  jets  results  are  close  to  those 
of  the  homogeneous  case.  Only  the  situation  with  adverse 
gravity  was  visualized.  Note  that  the  outer  helium  jet  is 
strongly  slowed  down  by  the  external  ambient  air.  This  cor¬ 
responds  to  the  trend  of  decreasing  entrainment  velocity  and 
lengthening  the  potential  core.  Finally,  the  case  of  very 
large  density  differences  (He/SF6,  S=0.028)  gives  higher 
values  of  L/Di  for  the  two  up/down  directions  of  the  nozzle. 

These  results  seem  to  indicate  that  the  shear  layer  growth  is 
increased  when  density  ratio  is  small  (S=0.2).  This  enhance¬ 
ment  of  entrainment  is  in  agreement  with  Eq.l.  The  opposite 
tendency  is  found,  however,  for  coaxial  jets  with  very  large 
density  differences  (S=0.028)  for  yet  unexplained  reasons. 


10  50  100  M 

FIGURE  4:  LENGTH  OF  THE  POTENTIAL  CORE 
DEDUCED  FROM  VISUALIZATIONS 
+  ,  air/air;  •  ,0  ,  He/SF6;H  ,air/SF6;  A  ,  He/air. 

Open  symbols  correspond  to  measurements  with  the  nozzle 
in  the  downward  direction  and  solid  symbols  to 
measurements  with  the  nozzle  in  the  upward  direction. 

Mixing  in  coaxial  iets 

Density  was  measured  by  an  aspirating  probe  in  a  helium-air 
jet  flowing  in  the  vertical  upward  direction.  For  this 
combination  of  gas,  it  has  been  verified  that  the  results 
obtained  in  the  near-field  are  affected  neither  by  viscous 
effects,  nor  by  gravity  effects.  The  first  point  was  checked  by 
comparing  measurements  for  ReM  =  2520  and  1260.  On  the 
other  hand,  experiments  were  conducted  with  the  nozzle  in 
the  upward  and  in  the  downward  direction.  Quite  similar 
results  were  found  for  the  axial  evolution  of  density  in  the 
first  ten  diameters  in  the  two  sets  of  experiments. 

Density  effects  were  tested  by  comparing  pure  helium-pure 
air  jets  (S  =  0.138)  to  coaxial  jets  with  a  moderate  value  of 
S  (S  =  0.655)  obtained  by  using  a  air-helium  mixture  as  the 
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FIGURE  5  :  MEAN  AND  R.M.S  DENSITY  PROFILES.  M  =  9 
Rei  =  2760.  Top  :  S  =  0.138,  ReM  =  2590;  Bottom  :  S  =  0.655,  ReM  =  5900 


annular  jet  fluid  (Ue=7.3  m/s).  The  density  was  normalized 
with  the  values  at  the  exit  plane  (here  p  oo  =  Pi): 

P*  =(P  -  PeV(Pi  -  Pe). 

Cross-sectional  profiles  Figure  5  compares  mean 

and  r.m.s  (p*'  =  VF1)  density  profiles  across  the  jet  for 
strong  and  moderate  density  ratios  and  for  the  same  value  of 
M  (M=9).  Since  the  global  features  are  very  similar  for  the 
two  sets  of  measurements,  it  clearly  demonstrates  that  the 
change  in  density  is  satisfactorily  taken  into  account  by 
grouping  rv  and  S  in  the  flux  momentum  ratio  M. 

The  mixing  process  gives  rise  to  shear  layer  growth  on  the 
inner  and  outer  sides  of  the  annular  jet.  As  a  result,  the  outer 
jet  potential  core  extends  to  less  than  one  diameter  in  this 
particular  geometrical  configuration.  For  this  value  of  M,  the 
mixing  Jayers  merge  on  the  jet-axis  at  a  distance  of  about 
1.5Di.  p*  decreases  in  the  downstream  direction  in  the  cen¬ 
tral  region  whereas  it  is  still  increasing  in  the  coannular  re¬ 
gion.  As  far  as  the  mean  flow  is  concerned,  the  mixing  pro¬ 
cess  is  completed  in  the  central  region  for  x/Di  =  4.5.  Further 
downstream,  the  mean  and  r.m.s  profiles  evolve  toward  the 
shapes  of  the  round  jet.  A  small  influence  of  S  may  be  obser¬ 
ved  on  Fig.  5  which  shows  a  slower  mixing  process  for  the 
case  of  moderate  density  ratio.  For  example,  the  deviation 
between  the  minimum  and  the  values  of  p*  on  the  axis  is  si¬ 
gnificantly  larger  than  in  the  other  case  at  x/Di  =  3.5. 
Moreover,  the  normalized  level  of  fluctuations  is  also  lower 
for  S  =0.655. 

Results  on  the  mixing  layer  growth  are  summarized  on  Fig  6 
which  gives  the  position  rg  c/Dj  of  the  points  where  p*=0.9 
in  the  two  experiments.  The  estimated  value  of  the  spatial  re¬ 
solution  of  the  probe  is  reported  in  the  same  figure.  Very  near 
the  nozzle,  the  high  value  of  rg.^j  reached  on  the  outer  side 
of  the  jet  for  S=0. 138  may  be  attributed  partly  to  integration 
effects  of  the  probe.  It  isjikely  that  the  lateral  extent  of  the 
mixing  layer  defined  by  p*=0.9  is  close  to  that  observed  in 
visualizations.  Since  the  present  results  only  take  the  low- 
speed  sides  of  the  coannular  jet  mixing  layers  into  account, 
the  half-value  of  the  slopes  of  d8vjs  /dx  obtained  by  Brown 
and  Roshko  (1974)  in  the  plane  mixing  layer  are  reported  on 
the  same  graph.  On  the  outer  side  of  the  annular  jet,  the 
mixing  layer  growth  is  in  good  agreement  with  the 
observations  of  these  authors.  In  particular,  the  enhancement 
of  diffusion  for  low  values  of  S  is  also  found  in  the  present 
experiment.  The  observed  slopes  are,  however,  significantly 
larger  on  the  inner  side  than  on  the  outer  side,  whereas  the 
predicted  slopes  have  opposite  trends:  they  should  decrease 
by  20%  between  rv  =  °°  and  rv  =8.  This  discrepancy  is 
probably  related  to  the  confinement  in  the  inner  potential 
core  and  to  the  resulting  adverse  pressure  gradient. 

Density  measurements  along  the  iet  axis  The 

downstream  evolutions  of  the  mean  density  and  the  p*'-  r.m.s 
are  significantly  affected  by  M  (Fa  vre- Mari  net  &  Camano 
1996).  The  length  of  the  potential  core  Lp  decreases  with  in¬ 
creasing  M.  Very  intense  fluctuations  take  place  in  the  near- 
field  region  and  p*'  reaches  a  maximum  value  slightly  downs¬ 
tream  from  the  end  of  the  potential  core.  These  p*’  fluctua¬ 
tions  are  related  to  the  crossing  of  large  scale  structures  at  the 
end  of  the  potential  core  (M<MC)  or  to  large  oscillations  of 
the  upstream  boundary  of  the  recirculation  bubble  for  the 
highest  values  of  M  (M>MC),  as  shown  by  visualizations. 


FIGURE  6:  MIXING  LAVER  GROWTH.  M=9 
■  rout/Di  ,  n  rint/Di  ,S=0.138 
▲  rout/Di  ,  A  rint/Di  ,  S=0.655 

Length  of  the  potential  core  It  is  very  important  to 
know  the  length  L  of  the  potential  core  for  optimizing  the 
operation  of  rocket-engines.  Figure  7  summarizes  results 
obtained  by  various  techniques  in  the  homogeneous  flow.  L 
was  determined  by  laser-anemometry  (position  of  the 
minimum  velocity  on  the  jet-axis)  and  by  laser-sheet 
visualizations.  Complementary  results  were  obtained  by 
using  a  hot/cold  wire  probe,  consisting  of  a  cold  wire  placed 
very  close  upstream  from  a  hot-wire  (typical  distance: 
20pm).  With  this  method,  L  was  determined  by  detecting  the 
maximum  rms  fluctuations  of  the  signal  given  by  the  cold 
wire.  All  methods  are  in  remarkable  agreement  and  show  that 
L  follows  a  M~1/2  power-law  .  Moreover,  the  present  results 
collapse  with  those  of  Rehab  et  al  (1997)  obtained  in  a 
geometrically  similar  water  channel.  The  length  of  the 
potential  core  was  also  determined  from  the  measurements  of 
density  with  Lp  defined  as  the  distance  where  p*  departs  from 
1  by  a  given  percentage  (say  5%).  For  the  moderate  value  of  S 
(0.655),  the  behaviour  of  Lp  is  quite  similar  to  that  of  L.  Due 
to  its  definition,  Lp  is,  however,  much  smaller  than  the  other 
determinations  of  L. 

Further  measurements  for  different  values  of  S  show  that  Lp 
is  not  considerably  affected  by  density  effects  when  plotted 
vs  M  (Fig.  8).  This  is  in  agreement  with  the  visualization 
study  (Fig.  4)  and  with  the  predictions  of  the  model  of  Rehab 
et  al  (1997),  who  calculated  the  length  of  the  potential  core 
by  equating  the  mass  flow  rate  issuing  from  the  central 
nozzle  and  that  entrained  across  the  surface  of  the  potential 
core.  Present  measurements  confirm  the  significant  role 
played  by  M  in  the  near-field  dynamics  of  the  flow  and  in  the 
resulting  mixing  process.  Small  effects  of  density  may, 
however,  be  observed  on  Figure  8,  especially  for  moderate 
values  of  M.  As  expected  from  Eq.l,  entrainment  of  inner 
fluid  is  enhanced  and  Lp  is  reduced  when  S  is  decreased 
(S  =  0.138).  This  effect  is  more  pronounced,  when  the 
ambient  and  the  outer  jet  fluids  are  the  same  (helium  in  this 
experiment).  In  this  case,  it  is  expected  that  the  outer  jet  is 
slowed  down  less  rapidly  by  the  ambient  fluid,  resulting  in  an 
increase  of  entrainment  of  the  central  jet  by  the  inner  mixing 
layer. 

The  behaviour  of  He/SF6  coaxial  jets  (S  =  0.028)  seems 
paradoxical,  since  when  compared  to  the  results  for 
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S  =  0.655,  the  potential  core  length  is  slightly  increased 
for  this  combination  of  gas.  Contrary  to  the  predictions 
given  by  Eq.l,  entrainment  is  reduced  by  such  further 
decrease  of  S. 


0  0.5  1  1.5  2 

10  100  M 

FIGURE  7 :  LENGTH  OF  THE  POTENTIAL  CORE. 
HOMOGENEOUS  FLOW 

•  "wake"  hot/cold-wire  probe;  o.  iaser-sheet  visualizations; 

A  ,  laser  anemometry;  x - ,  aspirating  probe  S=0.655 

-  1/Di  =  8/Ml/2  Rehab  etal  (1996) 


FIGURE  8 :  INFLUENCE  OF  DENSITY  ON  THE  LENGTH 
OF  THE  POTENTIAL  CORE 


—  —  x  S  =  0.655  -  amb.  air  •  S  =  0.028  -  amb.  He 
□  S  =  0.138 -amb.  air;  a  S  =  0.138  -  amb.  He 


SUMMARY  AND  CONCLUSIONS 

The  various  experimental  techniques  used  in  the  present 
work  are  in  agreement  and  show  that  the  dynamics  of  coaxial 
jets  are  essentially  governed  by  the  outer  to  inner  jet  flux 
momentum  ratio  M.  The  length  of  the  potential  core  depends 
mainly  on  M.  A  regime  of  recirculation  occurs  in  the  near¬ 
field  region  when  M  is  higher  than  a  critical  value  Mc  (=  50). 

This  study  shows  that  the  new  aspirating  probe  is  well 
suited  for  mean  and  fluctuating  density  measurements  in 
variable  density  flows,  except  perhaps  in  thin  layers  very 
close  to  the  nozzle. 

The  concentration  Field  of  coaxial  jets  is  strongly  affected 


by  the  dynamics  of  the  flow;  effects  of  density  on  mixing  are 
also  rather  well  taken  into  account  by  considering  M,  instead 
of  rv  and  S  separately. 

The  length  of  the  potential  core  deduced  from  density 
measurements  on  the  jet  axis  varies  as  M'1/2  for  moderate 
values  of  S,  in  agreement  with  simple  calculations.  A 
reduction  of  this  length  is  observed  for  density  ratio  much 
smaller  than  one  (S  =  0. 14).  This  effect  is  consistent  with 
the  behaviour  of  the  mixing  layer  with  density  differences. 
The  opposite  behaviour  occurs  for  extremely  low  values  of  S 
and  this  unexpected  result  has  not  been  explained  yet. 
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